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Abstract
Many fundamental fields of research have highly advanced in the last
three decades due to the unprecedented precision and complexity
enabled by the microfabrication technology. Fabrication of 3D mi-
crostructures such as simple spherical and cylindrical shapes is highly
desired to accurately mimic the natural phenomena in a research en-
vironment. Surprisingly, 3D microstructures are commonly avoided if
devices are to be realised using typical, planar microfabrication meth-
ods due to the limited capabilities of producing 3D structures. In
fact, photolithography, the traditional and the most common method
for mass-production of microfabricated systems, allows definition of
almost arbitrarily complex shapes on planar surfaces, but has lim-
ited capability of producing 3D structures. Several other non-planar
microfabrication techniques have been reported such as direct laser
writing, inclined UV lithography, and the surface wrinkling. However,
none can be considered as a true contender to the photolithography,
due to the fact that each of them are subject to some combination of
the following problems: costly infrastructure, long write times, poor
feature addressing, poor resolution, and lack of control.
This thesis explores the potential of utilising surface tension driven
techniques for 3D microfabrications. The surface tension driven tech-
niques appear promising, due to the key advantages namely, excep-
tionally smooth surface, cost effectiveness, and self alignment proper-
ties. Until now, little attention has been given to the surface tension
driven techniques.
The major contributions of this thesis include introducing, character-
ising, and implementing of the novel Surface Tension Assisted Lithog-
raphy (STAL) technique for 3D microfabrication technique. STAL
consists of a sequence of the following steps: soft lithography physi-
cally patterns the polymer, then UV exposure defines the reflow con-
tainer, then a thermal treatment solidifies the container and reflows
the unexposed region of the polymer, and finally an exposure en-
sures that the reflowed structures retain their shape. It is shown that
STAL provides independent control over the height and diameter of
the semi-spherical structures.
There are many possible applications for 3D structures, even in the
form of simple spherical caps. One of the application of semi-spherical
structures is demonstrated by fabricating a novel semi-spherical mi-
croelectrodes for dielectrophoretic manipulation cells. Advantages
of semi-spherical microelectrodes over 2D configurations are demon-
strated through a series of experiments and numerical simulations.
The potential of STAL to produce more complicated systems such as
hybrid structures with planar posts integrated into STAL structures
is also explored. A simplified model has been developed to predict
the deflection of the posts under surface tension.
In the closing chapter of this thesis, the opportunities to extend STAL
for producing more complex 3D structures are identified. Fabrication
of convex 3D features with complex containers in the scale of conven-
tional microfluidic structures is investigated. And also, the concept of
patterning STAL structures photolithographically is explored. This
combination can offer an opportunity to produce structures such as
suction cups for hydrodynamic cell trapping.
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Chapter 1
Introduction
1.1 Introduction
Microfabrication technology has become highly advanced due to the unprece-
dented precision and complexity required by the microelectronics industry. While
the main application of microfabrication technology has been the microelectronics
industry, it has also enabled the development of other fields. Prominent exam-
ples include integrated optics for high speed communications [22], accelerometers
for air bags [23] and consumer electronics and microfluidics for ink-jet printing
[24] to name just a few. The availability of sophisticated microfabrication tech-
nology has also led to the emergence of miniaturised multi-disciplinary research
platforms with unprecedented precision and complexity. Research platforms to
study quantum optics [25], quantum vibration [26], carbon nano-tube properties
[27] can be named as examples that are enabled by microfabrication technology.
One of the most important applications of microfabrication technology is known
as lab-on-a-chip technology [28], and is mainly used for biomedical applications.
The ability to produce 3D microstructures such as simple spherical and cylin-
drical shapes is highly desired in order to achieve simple canonical forms or to
accurately mimic the natural phenomena, for example, mimicking the shape of the
arteries [29]. Photolithography, the traditional and the most important method
for mass-manufacture of microfabricated systems, allows definition of almost ar-
bitrarily complex shapes on planar surfaces, but has limited capability to produce
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curved or out-of-plane sloped surfaces, which are referred to hereafter as curved
3D structures. While it is possible to approximate curved 3D structures using
multiple, tiered planar features, this approach is usually deemed impractical, and
hence curved 3D structures are commonly avoided if devices are to be realised
using typical, planar microfabrication methods.
Various alternate techniques have been reported for the fabrication of curved
3D structures. Non-planar approaches for making curved 3D structures include
laser assisted fabrication techniques, such as direct polymerisation [30, 31] and
photoablation [32, 33]. While significant advances have been made in improving
the resolution of these techniques, the main disadvantage is their serial nature,
requiring long write times for high resolution features and posing challenges to
apply these techniques to wafer scale fabrication.
Several other techniques have been also reported including gray scale lithog-
raphy [34–37], inclined/rotated UV lithography [38], and controlled surface wrin-
kling [39]. A comprehensive discussion of these techniques can be found in recent
review papers [40, 41]. While these techniques have their own advantages, each
of them are subject to some combination of the following problems: costly infras-
tructure, long write times, poor feature addressing, poor resolution, and lack of
control.
A common alternative approach is to use surface tension driven techniques
where the natural morphology of liquid under surface tension is preserved as a 3D
microstructure [5, 11, 12, 42]. Surface tension driven techniques appear promising,
due to key advantages namely, exceptionally smooth surfaces, cost effectiveness,
and particularly self alignment properties. Until now, little importance has been
given to the surface tension driven techniques.
1.2 Thesis overview
This thesis will identify gaps in the capability of available techniques and propose
a novel surface tension driven 3D microfabrication technique in order address
these gaps. This thesis is structured in four main chapters as follows:
In Chapter 2, a critical review of the available surface tension driven tech-
niques in the literature is presented. Indeed, a considerable amount of literature
2
has been published on 3D microfabrication techniques. Whereas, no review ar-
ticle has been found in the literature that discusses the available surface tension
driven techniques for 3D microfabrication. Hence, further research on available
surface tension driven techniques for 3D microfabrication appears well justified.
In Chapter 3, a novel surface tension driven technique is introduced for pro-
ducing 3D structures formed from a single photo-patternable polymer using a se-
quence of soft lithography, photolithography and thermal reflow. This technique
is named Surface Tension Assisted Lithography (STAL). An analytical model is
proposed to accurately predict the form of the 3D structures fabricated using
STAL. Independent control over lateral dimensions and radius of curvature of
the structures is demonstrated in a series of experiments. Finally, the limitations
and features of the new technique are identified and possible paths forward are
discussed.
In Chapter 4, STAL is exploited to fabricate 3D semi-spherical microelec-
trodes that would be difficult to realise with alternate lithographic technologies.
The performance of semi-spherical microelectrodes is compared to equivalent 2D
configurations through a series of numerical simulations and proof-of-concept ex-
periments aimed towards immobilisation and repulsion of viable and non-viable
yeast cells.
In Chapter 5, the opportunity to integrate planar structures such as posts
into STAL structures is studied. A simplified model is developed to predict the
deflection of these posts under surface tension. The effect of both the aspect ratio
and the separation of the posts on their deflection is demonstrated. Finally, the
result of this experiment is utilised to improve the model.
In Chapter 6, opportunities to further extend the scope of the STAL technique
are studied. In the first section, the extension of STAL to produce convex struc-
tures at the larger scale of conventional microfluidics systems is demonstrated.
A model is proposed to predict the height of the convex STAL structures. The
effect of the width of the reflow container on height of the convex STAL is demon-
strated, and finally the experimental results are compared to the predictions of
the model. In the second section, the capability of patterning the STAL structures
using photolithography is demonstrated with potential applications like suction
cups. The limitations and opportunities of these extended STAL techniques are
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identified and potential future works are also proposed.
Finally, in Chapter 7, a summary of the findings and contributions of this
thesis is presented.
1.3 Original scientific contributions during the
Ph.D. candidature
In this section the original scientific contributions made over the duration of this
Ph.D. candidature is presented in two main categories: original scientific contri-
butions that are featured in this thesis and original contributions that resulted
from collaborations which are not included in this thesis.
1.3.1 Original scientific contributions that are featured in
this thesis
The original scientific contributions featured in this thesis can be summarised as
follows:
Articles published in peer-reviewed journals
1. A novel Surface Tension Assisted Lithography (STAL) technique for micro-
fabrication of 3D structures (featured in Chapter 3) [43]. This paper had
several original scientific contributions including:
– Introducing Surface Tension Assisted Lithography (STAL) for fabri-
cating 3D microstructures.
– Demonstrating independent control over the lateral dimensions and
the radius of the curvature of STAL structures.
– Demonstrating STAL limitations and features.
2. Dielectrophoresis with 3D microelectrodes fabricated by Surface Tension
Assisted Lithography (STAL), (featured in Chapter 4) [44]. There were
number of original contributions in this paper including:
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– Implementation of STAL to realize semi-spherical microelectrodes for
dielectrophoretic, cell manipulation platforms.
– Demonstrating that dielectrophoretic platforms equipped with 3D mi-
croelectrodes have better cell trapping efficiency than the one equipped
with 2D microelectrodes with equal footprint, through a series of nu-
merical simulations and experiments.
Articles in preparation
1. A critical review on surface tension driven 3D microfabrication techniques
(featured in Chapter 2)
2. Demonstrating hybrid structures (planar and 3D) fabricated by integration
of planar photolithography and STAL techniques (featured in In Chapter 5)
3. Fabrication of 3D microstructures using Surface Tension Assisted Lithograhy
(STAL) for microfluidic applications (featured in In Chapter 6). This paper
will demonstrate varieties of the STAL structures including:
– Demonstrating convex STAL structures integrated into raised struc-
tures for microfluidic applications.
– Demonstrating photolithographically patterning of STAL structures.
1.3.2 Original contributions resulted from collaborations
which are not included in this thesis
Articles published in peer-reviewed journals
1. Modifying dielectrophoretic response of non-viable yeast cells by ionic sur-
factant treatment [45].
2. An investigation on platelet transport during thrombus formation at micro-
scale stenosis [46].
3. A novel approach to determine the efficacy of patterned surfaces for bio-
fouling control in relation to its microfluidic environment [47].
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4. Elastomer-based pneumatic switch for radio frequency microdevices [48].
5. Dynamic manipulation of modes in an optical waveguide using dielectrophore-
sis [49].
6. Microengineered structures for rapid automatic loading of optical fibre seg-
ments [50].
Articles submitted to peer-reviewed journal and currently under re-
view
1. Hydrodynamic flow focusing for on-chip-sampling micro fluidic devices Biomed-
ical Microdevices [51].
Articles in preparation
1. Design, characterisation and application of a novel pin microvalve for mi-
crofluidic devices.
Articles published in peer-reviewed conference proceedings
1. Blood Cell Diffusion Visualisation Using Multiple Hydrodynamic Flow Fo-
cusing [52].
2. Mixing characterisation for a serpentine microchannel equipped with em-
bedded barriers [53].
3. Hydrodynamic flow focusing to study the isolated effects of the flow com-
ponents [54].
4. Characterisation of high fluid strain micro contractions to study the stress
on biological fluids [55].
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Chapter 2
Literature review of surface
tension enabled 3D
microfabrication
As discussed in Chapter 1, several techniques are available to produce 3D mi-
crostructures such as laser assisted lithography [30–33], grayscale lithography
[34–37], and inclined/rotated UV lithography [38]. While each of these techniques
have their own advantages, none can be considered as a true contender for prac-
tical mass-production in comparison to traditional photolithography, since none
can simultaneously offer these key properties: low running cost infrastructure,
short write time, precise addressing of individual features and high resolution.
As an alternative, surface tension driven techniques appear promising for cost
effective fabrication of 3D microstructures. In principle, if the natural morphol-
ogy of a liquid under surface tension is preserved, it could be used directly or
indirectly, for instance using replica molding, as a 3D microstructure. Such a 3D
microstructure will have an extremely smooth surface, on the order of molecular
radius of liquid [56]. In addition, due to the intrinsic properties of liquid, such a
structure will be aligned naturally to its container. It is perhaps surprising that
despite a thorough search, no review article could be found in the literature that
discusses the available surface tension driven techniques for 3D microfabrication.
Hence, further research on the available surface tension driven techniques for 3D
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microfabrication appears well justified.
This chapter will critically review the current literature with the main pur-
pose of finding a surface tension driven technique for 3D microfabrication, which
offers two key control capabilities: i) the ability to define numerous micron-scale
elements distributed with arbitrary complexity over a planar wafer; and simul-
taneously (ii) the ability to arbitrarily control the lateral dimensions of the base
and independently control the height of each of these elements.
This chapter begins by briefly introducing the fundamental theory and gov-
erning equations of surface tension driven techniques. Then, a critical review of
the available surface tension driven techniques that have been reported in the
literature is presented in two main categories: (i) surface tension driven tech-
niques without additional geometric confinement, and (ii) surface tension driven
techniques with a defined geometric boundary. Finally, the findings of the review
are summarised, and also the current needs that motivate further research on this
topic are identified.
2.1 The fundamental theory governing surface
tension driven meniscus formation
In this thesis, the focus will be only on microstructures with the following as-
sumptions: (i) the structures are small enough to neglect the effect of gravity;
and (ii) they are large enough that fluids can be considered as homogeneous and
are not subject to distinct intermolecular forces (such as van der Waals forces)
as would be the case in nano-scale structures [57–59]. These assumptions will be
used throughout this thesis.
In order to demonstrate that surface tension driven techniques can produce
precisely defined geometries, a simple example of an unconfined liquid droplet on
a solid substrate was considered, as shown in Figure 2.1.
The system of Figure 2.1 consists of two fluids on a solid substrate. The equi-
librium state corresponds to the global minima of the total interfacial free energy.
The minima of interfacial free energy under the constant volume constraint leads
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to two fundamental formulas: The Laplace formula
∆p = 2Mγαβ (2.1)
and The Young Equation
cos(θ) =
γβs − γαs
γαβ
(2.2)
in which, the two fluids and the solid substrate are denoted by α, β, and s,
respectively, γij represents surface tension between the two materials, i and j,
∆p = pβ − pα, represents the pressure difference across the interfacial surface
between the two fluids, M represents the mean curvature of the interfacial surface
(which for a simple spherical interface of radius R is simply M = 1
R
), and θ
represents the contact angle of fluid-fluid interface and the substrate.
Figure 2.1 also presents the mechanical equilibrium state of the acting forces
on the interfacial surface, as stated in Equation (2.2). The morphology of the fluid
in equilibrium is characterised by (2.1) and (2.2). For instance, the equilibrium
shape for a unconstrained liquid droplet on a homogeneous substrate surrounded
by air as the second fluid, is known to be spherical cap which satisfies (2.1) and
(2.2) with a unique angle, known as natural contact angle (θnat).
Indeed, the morphology of the liquid can be precisely predicted when individ-
ual terms of the (2.1) and (2.2) are carefully adjusted. This fact is the basis of all
the surface tension driven techniques for fabricating 3D microstructures reported
in the literature.
As an illustration, in the case of an unconstrained liquid droplet, the dimen-
sions of the spherical droplet can be precisely controlled by adjusting the volume
of the droplet. This control mechanism can be explained as follows: a volume
increase will raise the hydrostatic pressure inside the droplet and therefore, ∆p.
According to (2.1), provided that the surface tension is constant, this increase in
∆p, results in a structure with the larger curvature, (M). Furthermore, according
to (2.2) the contact angle (θnat) remains constant. And hence, the dimensions
of the spherical cap, for example the diameter and radius of curvature, can be
precisely predicted from the known volume and contact angle.
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Figure 2.1: Schematic of a liquid droplet on a homogeneous solid substrate. Fluid
one (liquid droplet), fluid two (the surrounding air) and the solid substrate are
denoted by α, β, and s, respectively. pα and pβ are the pressure on two sides of
the fluid-fluid interfacial surface. Also γij represents the surface tension between
two materials, i and j.
For more complex structures analytic prediction of the liquid morphology is
not always possible. However, in all cases, the liquid morphology that corresponds
to the minimum surface energy is explicitly predictable and in cases where an
analytic solution is not readily available, numerical modelling can be employed.
In such cases the open-source finite element package, Surface Evolver, developed
by Brakke [60] is widely used to predict the form of the interfacial surface with
minimal free energy [57, 58, 61–63].
In summary, the morphology of a liquid in its equilibrium state corresponds
to the global minimum of the total interfacial free energy. Within the constraints
of the assumptions mentioned in this section, the characteristics of a simple fluid-
fluid system on a solid substrate can be predicted using Equations (2.1) and (2.2).
For more complicated systems, also the morphology of the liquid can be precisely
predicted by employing open-source finite element package, Surface Evolver [60].
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2.2 Literature review of surface tension driven
3D microfabrication techniques
The surface tension driven 3D microfabrication techniques reported in the lit-
erature can be divided into two major categories: (i) unconfined surface tension
driven techniques, where the fluid-fluid interface is allowed to reshape to a natural
form; and (ii) confined surface tension driven techniques with a defined geometric
boundary, where the the fluid-fluid interface is guided to a specific, pre-defined
form. This section reviews the literature on surface tension driven techniques
within these two main categories.
2.2.1 Unconfined surface tension driven techniques
Originally, surface tension driven 3D microfabrication techniques have been used
in an unguided sense, with no additional set boundaries. The most prominent
and well established examples of such techniques are partial surface reflow for the
removal of roughness introduced during microfabrication techniques and complete
reflow for the realisation of microlens structures. Considering how mature these
prominent examples are, it could be expected that a diverse range of sophisticated
techniques could be found in the literature and thus a thorough literature review
is warranted to establish the breadth of such unguided techniques and to identify
the current state-of-the-art.
2.2.1.1 Surface reflow post-processing
Thermal treatment has been employed to achieve smooth surfaces in a broad
range of the materials such as metal [64, 65], glass [66–68], and even crystalline
materials such as lithium niobate [69, 70] and silicon [71] to just name a few.
The thermal reflow concept has been exploited to realise smooth 3D structures
by post-processing of the 3D structures fabricated by direct writing techniques
such as laser assisted lithography [72] and electron beam lithography [1, 73–75].
Thermal reflow has also been used to smooth out undesired features due to field
stitching errors [76] and nano defects [74, 77] which are common issues in many
high resolution lithographic process.
11
Chapter 2
To illustrate the use of reflow with direct writing consider the process illus-
trated in Figure 2.2. This is conceptually similar to the processes used in [72].
Figure 2.2 (a) shows the use of a direct write technique to selectively expose a
3D structure in photoresist. In this case, the resist is positive and the exposed
areas are removed during development as shown in Figure 2.2 (b). Similar argu-
ments are valid in the case of negative resist, where the exposed region is retained
while the unexposed region is developed. Following the removal of the undesired
materials, 3D structures will exhibit corrugations due to the discrete nature of
the exposure and will also exhibit other very fine defects due to the nature of
chemical development.
In many applications such roughness may be detrimental and so techniques
to smooth out this roughness have been sought. As illustrated in Figure 2.2 (c),
a thermal treatment will planarise the corrugations and defects by melting the
resist, which causes reshaping of the polymer under surface tension.
As a particular example, Figure 2.3 presents a sequence of SEM images of the
effect of thermal treatment on a structure fabricated from poly methyl methacry-
late (PMMA) using electron beam lithography [1]. Figure 2.3 (a) presents the
original structure with corrugations evident in its surface. Figures 2.3 (b),(c) and
(d) present the impact of heating the sample to 115, 120 and 125 ◦C, respectively.
It is evident that as the temperature is increased, the surface becomes smoother
as shown in Figure 2.3 (d), until the surface is perfectly smooth. Importantly,
only the shallow features on the surface disappear due to surface tension, but the
overall wedge shape of the structure is maintained. However as the temperature
increases, the foot-print of the structure gradually increases and thus a trade-off
needs to be struck between the small scale surface smoothness and large scale
integrity of the structure.
Direct writing techniques benefit from high resolution and possibly short time
frame from designing a unique object to realisation. However, the serial process-
ing nature of the direct writing techniques remains as the main problem which
makes them unsuitable for mass-production of identical parts, limiting the eco-
nomic scaling with mass manufacture that is so integral to the success of more
traditional micro fabrication techniques. Hence, it is desirable to employ tech-
niques that can be applied in parallel across the scale of a wafer.
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Figure 2.2: Surface reflow of the structures fabricated using direct writing tech-
nique, under surface tension. a) exposing a planar positive polymer film directly
using high energy electron beam or laser; b) removing the exposed materials;
c) after a thermal treatment, the polymer reflows and smooths out the surface
roughness and corrugations under surface tension.
Figure 2.3: SEM images of the PMMA polymer patterned by electron beam
lithography and planarised under surface tension: a) the original structure with
corrugations evident in its surface; b), c) and d) the impact of heating of the
sample to 115, 120 and 125 ◦C, respectively [1].
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2.2.1.2 Volume reflow post-processing
In Section 2.2.1.1, examples were reviewed where direct write lithography was
used to realise a 3D structure, but then partial surface reflow post-processing was
used to smooth out the discrete steps and other defects produced during the direct
write lithography, but maintaining the overall 3D form. For some applications
such as microlenses [2, 78–82], the desired 3D form can be achieved entirely
by reflow with no need for complex direct writing. In these cases, traditional
photolithography can be used to determine the volume of the reflow and then
a thermal treatment is used to allow surface tension to completely reshape the
volume into a natural form.
Figure 2.4 (a) depicts simple photolithography where a photoresist film is
patterned by protecting certain regions with a chrome mask and exposing the
unprotected regions with UV light. In the case of Figure 2.4, the resist is a
positive resist and so the exposed regions are rendered vulnerable to specific
chemicals and are removed during development as shown in Figure 2.4 (b). This
structure has the form defined by the chrome mask in the lateral dimension and
is extruded by the thickness of the film giving the rectangular cross-section as
shown in Figure 2.4 (b). The patterned photoresist is then heated above the
glass transition temperature (effectively a much higher temperature than that
used for the partial surface reflow used in Section 2.2.1.1) such that the form
of the structures reflows completely, into the form that has the least surface
energy, as governed by surface tension. Figure 2.4 (c) illustrates the resulting
3D structure after a thermal treatment with temperature above the photoresist
glass transition point. During thermal treatment, the photoresist liquefies and
reflows with the corners of the structure reforming completely, from a rectangular
cross-section to become a circular section. Furthermore, the base of the structure
may expand or contract freely over the substrate surface such that the contact
angle made with the surface is the ideal ‘natural’ contact angle. Hence, provided
the post-processing reflow step is performed with a sufficiently high temperature
and sufficient duration, all of the features should reflow into perfect droplets with
the form of an ideal spherical cap.
For many applications it may be desirable to use negative photoresists such
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as SU-8 and polyurethane acrylate (PUA) due to their specific properties such as
bio-compatibility, durability and high aspect ratio lithography. However, negative
photoresist, means that after it is spun on a wafer as a liquid, when it is exposed
to UV light, it solidifies and the unexposed regions are washed away during de-
velopment. The exposed negative photoresist usually undergoes a cross-linking
process which transforms it into hard and brittle material and thus cannot be
easily reflowed. To be able to use negative photoresist such as SU-8 and PUA for
volume reflow to form 3D structures, alternative lithography approaches without
exposure, such as soft lithography, must be considered. Soft lithography is the
main alternative microfabrication technique to photolithography. The key advan-
tage of soft lithography in the context of this review is the ability to structure
a film of photoresist without exposure. In addition, other advantages of the soft
lithography technique such as sub-diffraction-limit resolution and the ability to
pattern non-planar substrates [83], makes this technique an attractive alternative
to the conventional photolithography technique, in a vast range of applications
in the fields of biology [84, 85] and photonics [86].
Figure 2.5 illustrates how soft lithography can be employed to pattern photore-
sist as an alternative to photolithography. The individual steps of this technique
are shown in Figure 2.5. First, a spun film of photoresist is physically patterned
using a recessed stamp via one of many possible imprinting techniques, without
exposure, as shown in Figure 2.5 (a). Then a dry etching process, as shown in
Figure 2.5 (b), may be used in order to remove the residual photoresist layer
which is inevitable in the imprint process. The end result is a rectangular cross-
section pattern of uncross-linked material as shown in Figure 2.5 (c). This is very
similar to the form of positive photoresist shown in Figure 2.4 (b) and since the
resist remains uncross-linked it can be reflowed using a similar thermal treatment
as shown in Figure 2.5 (d).
Figure 2.6 presents three examples of unconfined volume reflow. Figure 2.6 (a)
presents an SEM image of convex microlenses fabricated using volume reflow of
planar positive AZ photoresist on a glass substrate where relatively low contact
angle is evident between the photoresist and the substrate [2]. Similarly, Fig-
ure 2.6 (b) presents an SEM image of microlenses fabricated using AZ photore-
sist but on a low surface tension energy polyterafluoroethylene (PTFE) substrate,
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Figure 2.4: Fabrication of 3D microstructures from a planar photolithographically
patterned photoresist using surface tension driven thermal post-processing. a)
Selectively exposing a planar film through a photo-mask, and then removing
the exposed photoresist which, results in b) inherently planar structures. c)
After a thermal treatment with temperature above the photoresist glass transition
temperature, the photoresist liquefies and reflows from the rectangular shape to
a spherical shape under surface tension.
a) b) c) d)
photoresistSubstrate
Elastomeric mold Heater
Accelerated ion+
++
++
+
+
Figure 2.5: Fabrication of 3D microstructures from a planar negative photoresist
patterned by imprinting using surface tension driven thermal post-processing.
a) Imprinting a planar film using an elastomeric mold, and then, b) removing
the photoresist residual layer which, results in c) planar structures. d) Thermal
treatment of the sample above the glass transition temperature of the photoresist
to perform volume reflow.
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a) b) c)
Figure 2.6: SEM image of microlens array fabricated by unconfined volume reflow
of photolithographically patterned AZ phtoresist. a) AZ microlenses on a glass
substrate which exhibit relatively small contact angle [2]. b) AZ microlenses on
a low energy PTFE substrate, where large contact angle is evident [3]. c) SEM
image of PUA microlens array on teflon-coated non-planar substrate (lenticular
lens).[4]
where a large contact angle is evident between the photoresist and the substrate
[3]. Figure 2.6 (c) presents an SEM image of the microlenses fabricated using
negative PUA photoresist on a teflon-coated non-planar substrate, lenticular lens
[4]. Since PUA is a negative photoresist, the initial film was patterned by soft
lithography prior to volume reflow.
In summary, this section has reviewed unconfined surface tension driven tech-
niques for producing 3D microstructures. Two main types of reflow were consid-
ered, being surface reflow and the volume reflow. In surface reflow techniques,
the overall shape of the structure is maintained, while the surface of the structure
reflows and smooths out the shallow corrugations of the surface. Conversely, in
volume reflow techniques, the entire volume reflows and reshapes to a droplet.
This technique offers limited control capabilities over the shape of the final 3D
structures as the only control parameter for adjusting the shape of the structures
across the same substrate is the volume of the reflow. While each of these tech-
nique have their own advantages and applications, it would be desirable to have
more control over the shape of the 3D structures. The following section reviews
three methods to modify these techniques.
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2.2.1.3 Modified reflow post-processing
In Section 2.2.1.2, unconfined volume reflow techniques, where the fluid-fluid in-
terface is allowed to reshape to a natural form, were reviewed. In these techniques,
the only control parameter to adjust the shape of the final 3D structures, on the
same substrate, was the volume of the reflow, since the temperature and the
duration of the thermal treatment were assumed uniform across the substrate.
Several methods have been reported to modify the shape of the liquid-liquid inter-
face in order to achieve a droplet with specific form. This section reviews three of
these modification methods: local heating, electrostatic pulling, and liquid-liquid
lithography.
Localised surface and volume reflow post-processing
In Setion 2.2.1.1, the surface reflow post-processing was shown, where the original
dimensions such as height and width of the structure are retained during the
reflow. On the other hand, Section 2.2.1.2 presented the volume reflow post-
processing, where the entire volume is reflowed and hence the dimensions of the
original feature will be changed. For example the final 3D structure may be
wider and shorter than initial feature. If a variety of the reflow conditions could
be achieved on a single sample, then it would be possible to achieve a gradient of
heights and separations.
The concept of adjusting the reflow conditions non-uniformly was practically
realised in [5] by taking benefit of local heating. Figure 2.7 presents the gradient
reflow resulting from local heat. Figure 2.7 (a) presents gradient of reflowed
structures from surface reflowed structure to volume reflowed structure on a single
substrate using local heat source on one side of the sample to achieve a thermal
gradient. It is expected that the features close to the heat source would undergo
complete volume reflow which would result in smaller separation between the
features, while the features further apart from the heater would reflow less and
finally the features located at the opposite side of the substrate would undergo
only a surface reflow. Figure 2.7 (b) presents the gradient reflow with two heat
sources placed symmetrically on both sides of the sample, where it is expected
that the structure in the middle of the substrate would go through the least
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reflow and hence have the largest separation. Figure 2.7 (c) presents the reflow
gradient with a single heat source placed perpendicularly across the structures,
where single line would have gradient of reflow, with the most reflow and hence
the minimum separation at location closet to the heat source. Figure 2.7 (d)
presents the separation of the structures, acquired from AFM measurements, as
a function of the distance from the heat source, after thermal treatment. It is
clear that the structures with larger distance from the heat source have larger
separations, which could be the indication of less reflow [5].
In summary, localising the heat source provides an extra degree of control over
the form of the 3D structures fabricated using unconfined surface tension driven
techniques, providing control over the heights and the widths of the 3D structures
on the same substrate. However, this technique can not offer independent control
over height and width. Further, this technique has poor addressing capability,
for example it is not practical to control the heat arbitrarily with micron-scale
resolution in parallel.
Electric field assisted volume reflow techniques
Electric fields have been widely used to modify the shape of the liquid droplets
formed under surface tension by employing electrowetting [87–90], electrohydro-
dynamics [91], and electrostatic pulling [6, 7, 74, 77, 92, 93] among other tech-
niques.
Among the electric field assisted techniques, the electrostatic pulling technique
seems to be the most promising due to the fact that the top electrode does not
need to be in contact with the droplet. In fact, the strong electric field applied
across the droplet exerts electrostatic pressure on the liquid-air interfacial surface
which, in turn, can change the radius of the curvature of the liquid droplet. As
shown in Figure 2.8, electrostatic post-processing can be used to change the shape
of the reflow structure.
An experimental implementation of post-processing electrostatic pulling was
demonstrated in [6], where the novel stamping process was employed to deposit a
controlled volume of SU-8 on the substrate. Next, a thermal treatment resulted
in unconstrained volume reflow of the photoresist to a semi-spherical structure.
Then, an electrostatic pulling post-processing was used to modify the reflowed
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a) b)
c) d)
Figure 2.7: Gradient of reflowed structures from surface reflowed structure to
volume reflowed structure on a single substrate using local heat source. Reflow
gradient using a) parallel single side heat source, b) parallel both side heat source,
c) perpendicular single side heat source. d) The separation of the structures after
thermal treatment as a function of the distance from the the source [5].
material to achieve structures with different curvatures. Figure 2.9 (a) presents an
SEM of image of unguided volume reflow spherical microlenses prior to the elec-
trostatic pulling process. Figure 2.9 (b) presents an SEM image of the aspherical
microlens fabricated using electrostatic pulling technique.
Electrostatic pulling has also been used to fabricate microlenses with con-
trollable curvature on the tip of an optical fibre [7]. The fabrication steps were
as follows: first, a layer of SU-8 was spun on a substrate. The uncross-linked
SU-8 was heated and liquified, then a fibre was brought into contact with the
SU-8 for a certain period of time. As a result, a controlled volume of the SU-8
was transferred to the fibre upon separation of the stamp, due to the capillary
breakup [58, 61]. Then, a thermal treatment was performed to facilitate the vol-
ume reflow of the SU-8 on the tip of the fibre. Finally, the electrostatic pulling
technique was used to change the shape of the reflowed material to achieve mi-
crolenses with different curvatures. Figure 2.10 (a) presents an SEM of image of
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Figure 2.8: Guiding volume reflow structures using electrostatic pressure to realise
3D structures with various radius of curvature.
a) b)
Figure 2.9: a) Microlenses fabricated using unconstrained volume reflow. b)
Microlenses fabricated using volume reflow modified by electrostatic pulling [6].
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Figure 2.10: Microlenses fabricated using a) unconstrained volume reflow b) mod-
ified volume reflow using electrostatic pulling [7].
21
Chapter 2
the spherical microlenses on the tip of the optical fibre prior to the electrostatic
pulling process. Figure 2.10 (b) presents an SEM image of the aspherical mi-
crolens fabricated using electrostatic the electrostatically shaped volume reflow
technique.
Although the electric field modified surface tension driven techniques provide
control over the curvature of the structures, the foot-print of the structure is
dependent on the curvature. In addition, if electrostatic pulling were applied to
an array of microlenses (as shown in Figure 2.9), it would be difficult to apply
an arbitrary and independent field to each element of the array and thus this
technique does not offer the ability to independently control the dimensions of
the adjacent 3D structures across a wafer.
Liquid-liquid reflow
It has also been reported that the lateral dimensions of the liquid droplet can be
controlled by using a raised polymer structure as a substrate, using a technique
called polymer on polymer reflow [94–96]. The fabrication steps of this method
are shown in Figure 2.11. First, two layers of different polymers are spun onto
a substrate as shown in Figure 2.11 (a). The two polymers are immiscible and
lyophobic to each other and hence the the contact angle between them is larger
than 90◦. The bottom polymer wets the substrate and hence has a contact
angle less than 90◦. As illustrated in Figure 2.11 (b), both the top and bottom
polymers are simultaneously patterned using photolithography. Finally a thermal
treatment is applied enabling the two polymers to reflow. The top polymer
reflows, forming a micro-ball. Since the two polymers are lyophobic, a large
natural contact angle forms between the top and bottom polymers to minimise
the contact area between them. The bottom polymer spreads out onto the surface
of the substrate forming its natural contact angle with the surface of the substrate
but remains in contact with the ball on top as shown in Figure 2.11 (c).
An example of this technique was reported in [8]. Here, the two polymers were
AZ photoresist on the top, and polyimide on the bottom. Figure 2.12 presents an
SEM image of the result after reflow showing a micro-ball sitting on a pedestal.
This technique provides three variables that can be controlled: the area of
the exposure region and the thickness of the two photoresists. The diameter of
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the micro-ball will be set by the volume of the top photoresist. The diameter
at the base and the height of the pedestal are set by the contact angle of the
bottom polymer with the top polymer and also the substrate and the volume of
the bottom polymer. While this does provide some flexibility, it does not provide
truly independent control of the reflow structure parameters across the wafer due
to the thickness of the two polymer films being uniform across the wafer and the
diameter of the micro-ball being linked to the diameter of the exposed pedestal
base.
a) b) c)
Substrate
Polyimide
Thermal treatment
AZ photoresist
Figure 2.11: Polymer on polymer reflow technique, a confined reflow technique
with the raised substrate boundaries. a) Patterning two layers of polymer, poly-
imide and AZ photoresist using UV exposure. b) The exposed AZ photoresist is
removed by developer. At this step the polyimide exposed to developer is removed
as well. c) After a thermal treatment with temperature above glass temperature
of the AZ photoresist, but well below the glass transient temperature of the poly-
imide, the AZ photoresist reflows into a semi-spherical feature with the pedestal
support of partially reflowed polyimide.
The thermal reflow techniques reviewed thus far inherent the advantages of the
photolithography such as parallel processing at the wafer scale. Moreover, they
benefit from exceptionally smooth surfaces and, in the case of volume reflow, near
perfect spherical cap geometry due to thermal reflow process. It is however impor-
tant, to note that natural thermal reflow without additional boundary conditions
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offers only control over the volume and placement of the reflowed structures, as
the vertical and lateral dimensions are set by the natural contact angle of the
liquid polymer with the substrate surface. For many applications it may be de-
sirable to maintain independent control over the lateral dimensions and radius of
the curvature of the 3D micro structures. To attain this extra degree of control,
more sophisticated guided approaches must be considered.
2.2.2 Surface tension driven techniques with a defined ge-
ometric boundary
In Section 2.2.1, the current literature was reviewed to find 3D microfabrication
techniques, which exploit the natural shape caused by partial surface reflow or
complete volume reflow under surface tension without additional set boundary
conditions. As discussed, in these techniques the dimensions of the final 3D
structures on a specific substrate are determined either by some alternate 3D
lithography technique, in the case of surface reflow, or in the case of full volume
reflow are controlled only by means of initial volume of the structures. In Section
2.1, it was asserted that the shape of the 3D structures produce by surface tension
driven techniques should be governed by Equations (2.1) and (2.2). This implies
that by adjusting individual terms of these two equations, the shape of final 3D
structure could be controlled. Indeed, it should be possible to modify the liquid
interfacial surface by adjusting parameters such as the lateral dimensions of the
droplet, pressure difference across interfacial surface, and radius of curvature of
the droplet. In this section, the available techniques in the literature which utilise
surface tension which are guided by set boundaries will be critically reviewed.
2.2.2.1 Chemically structured substrate
It has been demonstrated that the lateral dimensions of a liquid droplet can be
controlled by defining chemically modified domains on the substrate. By chem-
ically structuring the substrate with hydrophilic and hydrophobic domains, the
liquid can be readily deposited and confined within the hydrophilic domain by just
submerging the substrates into the liquid bath. Chao et. al have demonstrated
fabrication of 3D microchannels with rounded cross section using this technique
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[97]. Although this technique provides control over the lateral dimension of the
realised 3D structures through the dimensions of the hydrophilic domains, the
radius of the curvature will be set by the natural contact angle to the hydrophilic
region and hence not be controlled independent of the lateral dimension.
2.2.2.2 Spatially constrained reflow controlled using containers and
timed development
Kim et. al have introduced a spatial confined surface tension driven technique on
a single film of SU-8 in which the volume of the liquid can be controlled by a timed
development technique [9, 98]. The technique is illustrated in Figure 2.13, and the
steps of this technique can be described as follows. First a film of SU-8 is spun onto
a wafer and then, exposed to UV light with a portion of the film protected with
a chrome mask. The film is then baked again to cross-link the exposed regions.
Then, a timed development process is performed in which a certain volume of
the unexposed SU-8 is removed according to duration of development process, as
shown in Figure 2.13 (b). The reduced volume of unexposed SU-8 is then heated
again to cause it undergo volume reflow, forming a 3D surface with a form that
is determined by surface tension. As illustrated in Figure 2.13 (c), The reflowed
SU-8 is still photo-sensitive and can still be patterned photolithographically by
performing a secondary exposure through a patterned photomask, as shown in
Figure 2.13 (d), baking to cross-link the exposed material and then development
to remove the unexposed material as shown in Figure 2.13 (e).
Figure 2.14 presents the SEM image of an array of SU-8 posts with multiple
heights fabricated using this technique [9]. This technique provides independent
control over the dimensions of the 3D structures within micron size regions arbi-
trarily distributed over a wafer due to the initial photolithographic definition of
the containers. However, it does not offer independent control over the diameter
and the radius of curvature, since the radius of curvature is determined by the
amount of uncured SU8 removed during the timed development and the access
of the developer to the uncross-linked SU-8 is determined by the area of the con-
tainer. The larger the open area of the container, the more material is removed.
Hence the depth of the structures is dependent on the container diameter.
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Figure 2.12: SEM image of semi-spherical photoresist structure (micro-ball) on
the polyimide pedestal [8].
Substrate
Thermal treatmentUnexposed SU-8
Exposed  SU-8
Cross-linked  SU-8
Photomask Developer
a) b) c)
e)d)
Figure 2.13: Timed development assisted technique, a confined surface tension
driven technique, in which, a single polymer film is used for container and the
reflow materials. a) Defining a container using UV exposure, b) then subtracting a
volume from unexposed region by timed development process. c) After a thermal
treatment process the unexposed region reflows to a semi-spherical structure. d)
Patterning the unexposed photoresist using UV exposure. e) After removing the
unexposed region of photoresist, the post with multiple heights are defined.
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Figure 2.14: SEM image of the posts with multiple heights fabricated on a single
layer of SU-8 using timed developed assisted technique [9].
2.2.2.3 Spatially constrained reflow controlled using containers and
liquid evaporation
It has been demonstrated that the surface tension dominated liquid-liquid in-
terfacial surface between two immiscible liquids can be exploited to form 3D
structures, in a technique also known as liquid lithography. For instance, Park et
al. have proposed Ice-lithography in which, water droplets were frozen and used
as a mold to cast concave PDMS structures [99].
Balowski et. al also have reported comprehensive characterisation of evapo-
ration assisted liquid lithography [10]. The general steps of this technique are
illustrated in Figure 2.15. First, a geometrically patterned SU-8 substrate with
cylindrical features is covered with a liquid which can be evaporated and is im-
miscible with photoresist as shown in Figure 2.15 (a). Then, the excess liquid is
removed from the substrate as shown in Figure 2.15 (b), which results in depo-
sition of the liquid in each of the cylindrical features due capillary break up as
shown in Figure 2.15 (c). Then, as illustrated in Figure 2.15 (d), the volume of the
liquid can be adjusted by the controlled evaporation of the liquid. Finally, liquid
PDMS is added and allowed to form a liquid-liquid interface under surface ten-
sion. A mechanical substrate is then attached to the liquid PDMS and the PDMS
is then solidified by thermal treatment to preserve the form of the liquid-liquid
interface and then removed from the mold, as illustrated in Figure 2.15 (e).
The cylindrical features serve two major purposes. First, they set a lateral
boundary for the liquid-liquid interfacial surface between the two immiscible liq-
uids. In addition, the surface tension between each liquid and the surface of the
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Figure 2.15: Liquid lithography, a surface tension driven technique, which takes
advantages of the interaction between two immiscible liquids. a) Liquid one is
deposited on a SU-8 substrate structured with cylindrical containers. b-c) The
excess liquid is removed. d) The volume of the liquid inside the containers is
controlled by evaporation. e) Adding the second liquid, which is immiscible with
the first liquid, and molding against the first liquid.
container sets the contact angle of the fluid-fluid interface with the container wall
and hence determines the form of the liquid-liquid interface.
A number of different forms of liquid-liquid interface can be achieved using
this technique. A number of these different forms are presented in Figure 2.16.
Figure 2.16 (a), (b) and (c) present diagrams of the morphology of liquid-liquid
interfaces with different volumes. In these cases the SU-8 container is lyophobic
and thus the contained fluid makes a contact angle of greater than 90◦ with the
surface. Figure 2.16 (a) shows the column completely filled with liquid. Due
to the lip of the container, there is some flexibility in the contact angle of the
meniscus that can be formed at the top of the column due to the natural contact
angle being formed between the horizontal or vertical surface. It is thus possible
to remove some material by evaporation and still have a meniscus at the top of
the column but with a larger radius of curvature. However, if enough material
is removed, then the natural contact angle with the side walls of the container
will be breached and the fluid will slip down the wall of the column as shown in
Figure 2.16 (b). In this case, the meniscus will have a fixed shape and further
removal of material simply reduces the height in the column at which the meniscus
is formed. If sufficient material is removed, then there will be insufficient fluid
to span the channel and the meniscus will be formed instead between the base
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Figure 2.16: a-c) The convex Polyol mold inside a SU-8 container with lyophobic
walls and the concave PDMS structures cast against the mold. d-f) The concave
Polyol mold inside a treated SU-8 container with lyophilic walls and the convex
PDMS structures cast against the Polyol mold. a′-c′) SEM images of the concave
PDMS structures corresponding to (a) to (c), respectively. d′-f′) SEM images of
the convex PDMS structures corresponding to (d) to (f), respectively [10].
and the wall of the container as shown in Figure 2.16 (c). Figure 2.16 (a′) to (c′)
present the corresponding SEM images of PDMS structures cast against polyol
mold inside the SU-8 container.
In Figure 2.16 (a) to (c), the SU-8 surface was lyophobic. Conversely, it is
possible to treat the surface of the SU-8 so that it is lyophilic and thus the liquid
filling the container will wet the walls and hence form a contact angle that is
less than 90◦. Figure 2.16 (d) to (f), illustrate the morphology of the liquid with
different volumes inside the container with lyophilic walls. Figure 2.16 (d) is
similar to (a) as it shows the column is filled with the liquid. Again, there is a
range of meniscus shapes that can be formed due to the presence of the lip of the
container. Figure 2.16 (e) is similar to (b) as it shows the meniscus shape is fixed
once sufficient fluid is removed for the meniscus to be entirely within the column
and hence further removal of fluid, simply changes the height on the column at
which the meniscus is found. Figure 2.16 (f) is similar to (c) as the sufficient
fluid is removed, and thus, the meniscus fails to span the column, however rather
than being drawn into one corner of the column base, the centre of the column
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will be exposed and the meniscus should be fairly symmetrically adhered to each
corner. Figure 2.16 (d′) to (f′) present the corresponding SEM images of PDMS
structures cast against polyol mold inside the treated SU-8 container.
The controlled evaporation technique enables independent control of the lat-
eral dimensions of the features through lithographic definition of the container
pattern using a photo-mask. The vertical dimensions are controlled through timed
evaporation of the liquid from within the containers and the radius of curvature
of the top of the structures through the lyophobicity/lyophilicity of the container
walls. While this degree of control does provide significant flexibility, it is not
possible to control the features of each element on the substrate independently
as the evaporation of material will be conducted uniformly across the sample and
also the surface lyophobicity/lyophilicity will also be uniform across the wafer.
2.2.2.4 Spatially constrained reflow controlled using differential pres-
sure
In Section 2.1, asserted that the radius of curvature can be adjusted if the pressure
difference across the interfacial surface is changed, as predicted by Equation (2.1).
It was also shown in Section 2.2.1.2 and 2.2.2.1, that the volume of liquid can be
adjusted to change the hydrostatic pressure inside the liquid and consequently,
control the radius of curvature of the interfacial surface. In this section, pressure
assisted techniques which take advantage of similar concept will be reviewed. In
pressure assisted techniques, the pressure of the gas above the liquid is adjusted
which, in turn, changes the pressure difference across the interfacial surface of
liquid-gas, and consequently the radius of curvature of the interfacial surface
[11, 100–102].
A technique that is based on the use of pressure to control the liquid interfacial
surface has been reported by Park et. al [11]. In this pressure assisted surface
tension driven technique, the lateral diameter of the 3D structure is controlled
using the prefabricated cylindrical containers while the radius of curvature is
controlled by adjusting the pressure differential between the pressure inside the
cylindrical containers and the environment outside the containers. An illustration
of this technique is presented in Figure 2.17. As shown in Figure 2.17 (a) an array
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of cylindrical containers are utilised to laterally confine the reflow of the polymer
while the pressure differential between the inside of the container and the outside
environment is adjusted (by placing the sample in a vacuum/pressure chamber)
to control the radius of the curvature. Providing that the pressure inside the
microchannels is larger than the outside pressure (Pin > Pout) structures with
concave shape can be produced as shown in Figure 2.17 (b). In contrast, in
the case that the pressure inside the microchannels is smaller than the outside
pressure (Pin < Pout) structures with convex shape will be produced as shown
in Figure 2.17 (c).
This technique was experimentally demonstrated in [11, 101]. Figure 2.18 (a)
presents an SEM image of polycarbonate (PC) microlens array with concave
shapes corresponding to illustration of Figure 2.17 (b). Figure 2.18 (b) also
presents an SEM image of PC microlens array but with convex shapes corre-
sponding to illustration of Figure 2.17 (c) [11].
One of the advantages of this technique is the ability to independently control
the lateral perimeter and height of the 3D features via the lithographically defined
lateral pattern of the containers and the applied pressure, respectively. However,
like many of the techniques reviewed thus far, while it is possible to arbitrarily
and independently control the lateral shape of adjacent containers, each container
will experience the same pressure difference and thus the height of each structure
will be related. Hence, this technique does not offer addressable control over the
dimensions of individual 3D structures within specific micron size regions required
to achieve flexible and independent definition of features across a wafer.
2.2.2.5 Spatially confined reflow with independent control over diam-
eter and radius of curvature
Suet et. al have reported a confined surface tension driven technique, which does
offer independent control over the lateral dimensions and the radius of curvature
which can independently address individual features across a wafer [12].
As shown in Figure 2.19, this technique consists of two complete steps of
photolithography to pattern two layers of photoresist. First, a layer of negative
epoxy (SU-8) is spun and patterned with recessed features, as shown in Fig-
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Polymer Cylindrical template Pressure
Figure 2.17: A pressure assisted surface tension 3D microfabrication technique.
a) Cylindrical containers and the polymer are brought into contact. The pressure
difference between inside and outside of the container assists surface tension of
the liquid polymer to form curved structures with varying radius of curvature,
with b) concave, and c) convex shape.
b’) c’)
Figure 2.18: SEM images microlenses fabricated using the pressure assisted
surface tension technique with a) concave and b) convex profile [11].
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ure 2.19 (a) and (b). Then, a layer of positive photoresist (AZ photoresist) is
spun and patterned with posts which are located inside the SU-8 containers, as
shown in Figure 2.19 (c) and (d). Finally, after a thermal treatment, the AZ
photoresist will reflow within the boundaries of the SU-8 container to form an
interfacial surface according to the geometry of the container. Figure 2.19 (a),
presents SEM image of the semi-spherical AZ microlenses reflowed within the
boundaries of the cylindrical SU-8 container.
Using this technique, specific micron size regions can be independently defined
over the wafer scale with control over dimension of the final form. Moreover, it
provides independent control over lateral dimension and the radius of curvature
of the 3D structures within individual and arbitrarily located regions. However,
the main weakness of this technique is the multi-layer photolithography using
different photoresists, which can impose all the complications of the multi-layer
lithography to the process. Further, if the reflow structure were to be used as
a master pattern for creating PDMS replicas, the AZ photoresist is not very
durable and would be easily damaged during the replication process and would
thus be difficult to use for multiple fabrications. It would be advantageous if a
similar technique could be achieved using a single photoresist material with the
durability of SU-8.
2.3 Conclusion
As presented in this chapter, a considerable amount of literature has been pub-
lished on surface tension driven 3D microfabrication techniques. However, there
has been very little literature published on surface tension driven techniques with
the following properties: (i) the ability to define specific regions distributed over
the wafer scale with independent control over dimension of final form of each fea-
ture; and (ii) the ability to independently control the curvature and the foot-print
of final structure within a specified region. However, a potential candidate sur-
face tension driven technique with both of these key properties was found, which
uses photo-patternable container for spatial confinement. The main draw back
of this technique is the multi-layer photolithography on multiple materials and
the reliance on positive AZ photoresist for the reflow material which would result
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Figure 2.19: Photoresist reflow with SU-8 boundary. a-b) patterning SU-8 pho-
tolithographically to define the container for the reflow. c-d) Patterning the
second photoresist layer, AZ, photolithographically. e) After a thermal treat-
ment, the AZ resist liquefies and reflows within the boundaries of the SU-8 under
surface tension.
Figure 2.20: SEM image of reflowed AZ photoresist within the SU-8 container
[12].
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in poor durability of the reflowed 3D structure which would limit the ability to
use the resulting reflow structure as a master for PDMS replication. It would be
advantageous if there existed a similar technique which eliminated the need for
multiple photoresists and provided the durability of SU-8. The lack of a surface
tension driven fabrication approach with these properties warrants the effort to
find a novel technique. This will be the main theme of this thesis in the following
chapters.
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Surface Tension Assisted
Lithography (STAL)
3.1 Introduction
As comprehensively discussed in the Chapter 2, surface tension driven volume
reflow techniques are promising candidates for 3D microfabrication, due to the
inherent surface smoothness of the structures and the ability to process these
structures in parallel. However, unguided volume reflow techniques do not of-
fer independent control over diameter and curvature (or equivalenty depth and
height) of the structures.
As was also reviewed in Chapter 2 volume reflow techniques which are guided
by a defined boundary, such as pressure assisted reflow [11], evaporation assisted
[10], and photoresist-boundary reflow [12] techniques seem to facilitate the inde-
pendent control over lateral and depth dimensions, however it is not possible to
address this control individually to each feature. Of the guided reflow techniques
reviewed, only the photoresist-boundary reflow technique provides independent
control of the lateral and depth dimensions with micron-scale resolution and that
is individually addressable over the scale of a wafer. The photoresist-boundary
reflow process consisted of the following steps: defining a container using a pho-
toresist, then depositing, patterning and reflow of a second photoresist within
the boundaries of the first photoresist. However, in general, this multi-layer
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photolithography with different photoresists, imposes complications on the pro-
cess, and the specific choice of AZ photoresist rendered the realised 3D structures
somewhat fragile and hence unsuitable as masters for soft lithography replication.
In this chapter, a new technique is introduced for producing 3D structures on
a single photo-patternable polymer film with independent control over diameter
and depth of the structures. Specifically, this new technique uses durable photo-
epoxy resists and thus the resulting 3D structures are far more durable than those
presented previously. This chapter is structured in sections as follows: First, the
new guided reflow concept is introduced. Second, an analytical model is proposed,
and then a preliminary implementation of the technique is presented. In the
subsequent two sections, the effect of two major control parameters on the depth
of the structures are demonstrated. The final sections investigate the limitations
and opportunities of this new technique.
3.2 Concept of Surface tension assisted lithog-
raphy (STAL)
As established in Section 3.1, there is an available photoresist-boundary reflow
technique that enables 3D fabrication with independent control over diameter
and depth. However, this technique introduces the complexity of multi-layer
photolithography with multiple materials and the use of delicate positive resists
which are deemed a major drawback. In this section, a novel concept is introduced
to fabricate smooth 3D micro-structures with independent control over diameter
and depth on a single film of photoresist.
Figure 3.1 (a) illustrates a container guided volume reflow process. Consider a
negative tone photo-patternable polymer film that is physically patterned without
cross-linking, for example using an imprinting technique. The physically struc-
tured film is then UV exposed to define a solid container around the imprint.
If the sample is heated and the unexposed (uncross-linked) photoresist would
reflow within the solid container as shown in Figure 3.1 (b). For micro-scale
features, the reflow geometry will be defined entirely by surface tension within
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the boundary conditions of the container. This technique is thus named ‘surface
tension assisted lithography’ (STAL). In such a structure, it should be possible
to independently control both the diameter and the depth through control of the
diameter of exposure and initial imprint volume, respectively. A valid choice for
the material to realise this concept could be the negative photoresist SU-8 as this
has high resolution, high aspect ratio definition and is highly durable when cured.
Having introduced the STAL concept, it would be beneficial to establish
whether the dimensions of the reflow structures can be accurately predicted based
on the defined dimensions of the reflow container and imprinted volume.
3.3 Predicted form of circular STAL structures
In order to explore whether the STAL technique can in principle achieve precisely
defined geometries, a simple example of reflow within a cylindrical container was
chosen as shown in Figure 3.2. Two parameters can be adjusted to determine the
shape of the 3D structure. These are the volume of the initial imprint and the
geometry of the exposure defined container.
It is expected that the morphology of the reflowed material should be canon-
ical, corresponding to the minimal interfacial liquid-air free energy, under the
constant volume constraint. Assuming that the container walls are lyophilic, the
liquid inside the container will wet the walls and then reorganise to achieve the
interfacial surface with minimum energy. Gravity can be neglected, since the de-
signed micro-structures are assumed to be of much smaller scale than the so-called
capillary length of the liquid (SU-8) which is on the millimetre scale. [57–59] In
such a system, the shape of liquid surface will be governed by surface tension.
Since both the imprint volume and the diameter of the circular container
perimeter are known, it is possible to quantitatively predict the meniscus mor-
phology. The expected form of the meniscus will be a spherical cap with volume
which can be expressed as
V =
1
6
pid(
3
4
s2 + d2) (3.1)
in which d is depth and s is diameter of the container as shown in Figure 3.2.
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Container
θnat 
b) 3D structure
Initial volumea)
Liquid SubstrateContainer
Figure 3.1: Schematic of STAL concept. a) A polymer film is physically patterned
and then the container is defined around the pattern using UV exposure. b) the
liquid is reflowed inside the container. The diameter and the depth of the final
3D structure can be controlled using initial imprint volume and the diameter of
photo-mask pattern, respectively.
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Figure 3.2: A liquid (blue) in a solid cylindrical container (green). Liquid menis-
cus forms a spherical interfacial surface with the radius of curvature of R, depth
of d, container diameter of s. The contact angle of the meniscus with the side
walls, wall contact angle, is θw.
To ensure that the form of the reflowed feature is in fact a spherical cap, the
wall contact angle θw made between the reflow material and the wall as shown
in Figure 3.2 must not be less than the natural contact angle θnatural between
uncross-linked and cross-linked SU-8. The maximum volume of imprint Vmax
for which this condition is met can be calculated by expressing the depth, d, in
terms of the wall angle θw and diameter of container s as then setting θw = θnatural
and finally substituting into Equation (3.1). The natural contact angle between
uncross-linked and cross-linked SU-8 was measured as θc=26
◦ and this yields
the maximum imprint volume of Vmax = 0.044s
3. Provided that the imprint
volume is less than this maximum volume, the reflowed shape should conform
to a well-behaved spherical cap. For known values of imprint volume (V ) and
container diameter (s), Equation (3.1) can be solved for the depth (d). As the
container diameter (s) becomes large relative to the depth (d) Equation (3.1) can
be simplified and the depth can be simply expressed as:
d =
8V
pis2
(3.2)
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In summary, within the constraints of the assumptions, Equations (3.1) and
(3.2) should accurately predict the dimensions of the spherical cap that is pro-
duced from a known imprinted volume and exposure diameter.
3.4 Demonstration of STAL with circular con-
tainer
As established in Section 3.3, it should be possible to accurately determine the
depth of the spherical cap structure with known volume from the diameter of the
circular container. In this section, the experimental demonstration of forming a
spherical cap inside a cylindrical container is presented.
The individual steps of the STAL technique are illustrated in Figure 3.3. A
film of the negative photoresist, SU-8, is imprinted using an elastomeric PDMS
mold to form a surface recess of known volume Figure 3.3 (a) and (b).
The PDMS molds were cast against a photolithographically defined master
structure, using a silicon substrate and SU-8 (Micro Chem. Corp, USA) photore-
sist. The molds were prepared by mixing a two component silicone elastomeric
curing agent and base (mass ratio 1:10), Sylgard 184 (Dow Corning Corp. USA).
To avoid trapped air bubbles in the pattern, PDMS was degassed in a vacuum
chamber for 25 min and a pressure of -15 psi before it was poured onto the mas-
ter. The elastomer was cured in a convection oven for 3 hours at 65 ◦C. After
cooling, the mold was peeled from the master. To imprint, the mold was cleaned
using isopropyl alcohol (IPA), and subsequently baked in a vacuum oven for 25
min at 95 ◦C and -15 psi. This thermal treatment under vacuum reduced mois-
ture content and removed any solvent present in the mold from previous imprints
and cleaning processes. This step was found necessary to assist escape of the
air trapped between the mold and film during the imprinting process. The mold
was left at room temperature to cool before imprinting. The film of SU-8 2005
was spun onto a cleaned silicon wafer. Immediately after spinning, the mold was
placed onto the film, initiating contact between the mold and SU-8 film on one
side and then slowly increasing the contact area until complete contact was made.
The stack of sample and mold was soft-baked in a convection oven for 20 min
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to evaporate the remaining solvents from the film. The stack was then removed
from the oven and left at room temperature to cool for 30 min, before the mold
was gently peeled away.
Next, a reflow container was defined by using UV light to selectively expose
the material outside a perimeter enclosing the imprinted features Figure 3.3 (c).
The sample was exposed to UV light using a mask aligner (Karl SUS MA6).
The manufacturer recommended exposure dose of 147 mJcm−2 was used. It is
important to mention that the exposure dose was calculated base of the total
thickness of the SU-8 film, 5 µm. The depth and dimension of the imprinted
recess does not have any effect on the exposure dose as the container has to be
exposed all the way to the substrate regardless of the depth of the imprinted
recess. The photo-mask pattern consisted of opaque circles of chrome . While
the mask features were approximately circular, they were in fact polygons with
a finite number of facets. The circles on the chrome mask were aligned to the
cylindrical imprints on the sample such that reflow region directly under the
chrome circles, within the containers, were protected from exposure while the
reflow containers were exposed.
After exposure, a thermal treatment was used to cross-link the exposed pho-
toresist, and also to reflow the unexposed regions. Owing to the fact hat the
uncross-linked SU-8 and cross-linked SU-8 have different thermal expansion co-
efficient, it would be expected to observe unusual thickness variation between
uncross-linked and cross-linked SU-8 after the baking process. Denning et. al
reported such a thickness variation and also suggested an optimised two-step
baking process to reduce the undesired effects of thermal treatment [103].
As shown in Figure 3.3 (d) the two-step baking process was performed as
follows: the temperature was ramped from room temperature to 55 ◦C and left at
55 ◦C for 2 hours, then was ramped to 95 ◦C and left at 95 ◦C for 10 min before
ramping back to room temperature. The first baking step was to ensure that
the exposed region was fully cross-linked while the second step was to reflow the
unexposed area as the temperature was above glass transition temperature of the
uncross-linked SU-8. If this baking regime were not used, the sample might be
expected to exhibit prominent ridges at the exposure boundary [103].
The reflow should act to reshape the imprinted recess from its original geome-
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try, to that of a meniscus, in order to achieve a minimum energy state as a liquid
as shown in Figure 3.3 (e). The cross-linked region should provide a container for
the uncross-linked SU-8 and the form of the meniscus is defined by the geometry
of this container.
Finally, a flood exposure step following a thermal treatment was performed
to retain the shape of reflowed 3D structures as shown in Figure 3.3 (f) and (g).
The second bake was performed similar to the first bake. The final structures
with the whole film cross-linked are shown in the Figure 3.3 (h).
The results of following the STAL process of Figure 3.3 are presented in Fig-
ure 3.4. Figure 3.4 (a) and (b) present SEM image of imprinted only and STAL
structures, respectively. All of the features in Figure 3.4 (a) and (b) began as
cylindrical imprinted surface recesses of identical depth and diameter. The struc-
tures in the Figure 3.4 (a) were fully exposed and cross-linked during the bake
and hence solidified and retained their initial imprinted cylindrical form. In con-
trast, the structures in 3.4 (b) were not exposed and thus liquefied and reflowed
within the masked perimeter, forming dimples. The reflowed dimples exhibit cor-
ners, highlighted the fact that the approximately circular container were in fact
polygons.
Figures 3.4 (c) and (d) present atomic force microscope (AFM) images of the
spherical dimples formed by the STAL process. The reflowed form is evidently
smooth and appears spherical with no evidence of the original imprint pattern
remaining. The root mean square roughness (RRMS) extracted from the AFM
was 0.32 nm. In Figure 3.4 (d) AB-axis is highlighted which passes through the
point of maximum depth and also passes through the centre of the polygon facets
that make up the approximately circular perimeter.
Figure 3.5 presents a cross-sectional view of dimple structures acquired from
3D AFM image along AB-axis which is high lighted in Figure 3.4 (d). The largest
circle that can fit within these structures is also presented. The cross-sectional
depth profile of the dimple well complies with the circular fit.
In summary, the experimental demonstration of STAL on a single film of SU-8
was presented. It was shown that, implementation of STAL can produce smooth
dimples with shape of semi-spherical inside a cylindrical container from initially
planar imprinted features .
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h)
f)
e)d)
a)
Cross-linking the exposed region
reflowing the unexposed  region 
25 ᵒC
55 ᵒC
95 ᵒC
25 ᵒC
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95 ᵒC
c)
Unexposed SU-8
Cross-linked SU-8
Exposed SU-8 Substrate
Photo-mask
Figure 3.3: Schematic cross-sectional view of the method. a-b) The soft imprint-
ing process using an elastomeric mold, c) photo-lithography step of selective UV
exposure to define the reflow container. d) Two-step heat treatment in which,
first, the exposed area solidifies while the unexposed region retains the initial im-
printed shape with no significant reflow at 55 ◦C , and then the unexposed region
reflows and rearranges itself into a curved 3D structure at 95 ◦C. e) Cross-linked
region (dark green) and uncross-linked region (light blue) after heat treatment.
f) Second UV flood exposure to retain the shape of the reflowed area, (g) the
second heat treatment with similar with two-step profile to completes the cross-
linking process of the reflowed area. h) the final structures with the whole film
cross-linked.
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Figure 3.4: a) SEM image of a) imprinted only and b) STAL structures, c) AFM
image of the STAL structure, and d) AFM image of STAL structure from top
view with the AB-axes highlighted.
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Figure 3.5: Cross-sectional view of the STAL structure acquired from AFM image
and also the largest circular fit.
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3.5 Investigation of control parameters of STAL
In Section 3.3, it was shown that, provided that the reflow structure was in
the form of a spherical cap with known volume, inside a cylindrical container
with known diameter, then the depth of the spherical cap could be accurately
predicted. In Section 3.4, it was experimentally shown that performing the STAL
process with a cylindrical container produced a spherical reflow shape.
In this section, the depth of the spherical cap is quantified experimentally
as a function of both, the container diameter and the imprinted volume. Two
investigations are conducted. In the first experiment, the imprint volume is held
constant and the diameter of the container is scanned. In the second experiment,
the diameter of the imprint volume is scanned and the diameter of the container
is held constant. In each case, the profile and depth of the STAL reflow structure
is recorded and compared to theoretical predictions of Section 3.3.
3.5.1 Effect of container diameter on depth of circular
STAL structures
To experimentally investigate the effect of container diameter on depth of circu-
lar STAL structures, the method outlined in section 3.4 was followed. For this
experiment, structures were produced by STAL with varying diameters of the
container but with identical initial imprinted recesses (constant imprinted vol-
umes). The imprint mold consisted of an array of cylinders with 4 µm diameter,
1.4 µm height and center to center separation of 14 µm in a Cartesian array. The
imprint volume should thus be V = pi × 22 × 1.4 = 18 µm3. The exposure mask
consisted of approximate circles with diameter ranging, s, from 5 to 10 µm, again
in a Cartesian array with center to center separation of 14 µm.
Figure 3.6 (a) presents the depth profile, acquired from AFM images, mea-
sured along the AB-axis (highlighted in Figure 3.4) for STAL structures with
identical imprinted volume but with container diameters of s = 5, 6, 7, 8, 9 and
10 µm. These depth profiles are symmetric and approximately circular. As the
diameter (s) increases, the depth (d) decreases as expected from Equations (3.1)
and (3.2). The shallowest structure has d=0.6 µm and s=10 µm, while the deep-
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est structure has d=1.67 µm and s=5 µm. A slight raised ridge is evident at the
edge of the dimple.
Figure 3.6 (b) presents the depth (d) of each of the reflowed profiles of Figure
3.6 (a) as a function of the container diameter (s) of the container. The analytical
predictions, of Equations (3.1) and (3.2) are also presented in Figure 3.6 (b) using
V=18 µm3 for the imprint volume. Good agreement between the measured and
predicted depths is evident. The predictions are particularly accurate for the
larger diameters and it is also evident that either of Equations (3.1) and (3.2)
can be used in this instance. The depth becomes more difficult to accurately
predict for the smaller diameters as the exposure border (container) is in very
close proximity to the imprinted structures. Thus, to achieve a highly predictable
geometry, it is important to ensure that the imprinted recess is separated by
approximately 1 µm from the exposure mask. This could be achieved through
use of a narrow, but deep, initial imprint recesses. Such imprint structures would
also offer benefits in terms of alignment tolerance of the subsequent mask to define
the container. It should be noted that there is no requirement for the imprinted
structure to be located in the middle of the masked region, so long as it is not
too close to the exposed perimeter, the recess volume will reflow into the same
surface tension defined form.
In summary , if the STAL technique is applied on a film which is initially im-
printed with a feature with known volume, providing the container has cylindrical
shape with diameter much larger than the depth of the structures, the depth of
STAL structures can be accurately predicted using both Equations (3.1) and
(3.2) of Section 3.3, as a function of the container diameter. It was noted that,
the depth becomes more difficult to accurately predict for the smaller diameters
as the exposure border (container) is in very close proximity to the imprinted
structures.
3.5.2 Effect of initial imprinted volume on depth of circu-
lar STAL structures
The second experiment was conducted to investigate effect of the initial imprinted
volume on STAL structures. It is expected that similar to the finding of Section
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Figure 3.6: a) Cross-section of STAL structures with varying diameters from 5
to 10 µm along AB-axis (highlighted in Figure 3.4), b)the analytical prediction
and the measured of depth as a function of container diameter.
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3.5.1, providing that the container diameter is known, the depth of the STAL
structures can be accurately predicted as described in Section 3.3. In this ex-
periment, structures were produced by STAL with varying diameters of initial
imprinted recess and constant diameter of container. The imprint mold consisted
of a Cartesian array of cylinders with 4 µm height, a centre to centre separation
of 23 µm and diameters from 3 to 11 µm. The exposure mask consisted of a
similar array of circles with uniform diameter of 13 µm. The STAL process was
again conducted as described in Section 3.4 and the results were analysed using
AFM.
Figure 3.7 (a) presents the depth profile, acquired via AFM, for the sur-
face recesses resulting from application of STAL with imprint diameters of D =
3, 4, 5, 6, 7, 8, 9, 10 and 11 µm and exposure with container diameter of s = 13
µm. Similar to Figure 3.6 (a), almost all of the structures are highly symmetric.
The depth of STAL structures (d) increases with increased imprint diameter (D).
Some slight asymmetry is evident for the diameter, D = 11 µm. All structures
have a diameter, of s = 13 µm as expected, since this is the container diame-
ter. The depth of the structures ranges from d = 0.5 to 3.9 µm. The presence
of a slight raised ridge is evident at the edge of the dimples. The ridges are
predominantly evident in the shallower structures.
Figure 3.7 (b) presents the depth (d) of each of the structures produced by
STAL as shown in Figure 3.7 (a) as a function of the diameter of imprinted
recess, (D). The depth of STAL structures (d) predicted by Equation (3.1) is
also presented in Figure 3.7 (b) using s = 13 µm for the diameter of container
and imprint volume (V = piD
2
4
× di), where di = 4µm is the depth of initial
imprinted feature. Good agreement between the measured and predicted depths
is evident for most diameters, with significant departure from the prediction only
being evident for D = 11 µm.
From the results of Figure 3.7, it can be concluded that, similar to the findings
of Section 3.5.1, if the container diameter is known, the depth of the spherical
cap resulting from STAL process can be accurately predicted as a function of the
diameter of the imprint features (D). It was noted that for the largest imprint
diameter, D = 11 µm, the STAL structure started to become asymmetric and
thus the assumption underpinning the canonical formulas of Section 3.3 cease to
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Figure 3.7: a) cross-section of resulting STAL structures with identical
diameters,s, produced from the imprinted recesses with varying diameters,D,
from 3 to 11 µm , b) the analytical prediction and the measured depth,d, as a
function of imprint diameter,D.
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be valid. The factors that lead to this asymmetry should be studied further.
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3.6 Impact of side wall natural contact angle on
form of circular STAL structures
In Section 3.5, it was shown that for almost all of the studied combinations of
the imprinted volumes and container diameters, it was possible to use the theory
of Section 3.3 to accurately predict the depth of the structures produced by
employing the STAL process of Section 3.4. However, there was a single case in
Section 3.7 with large imprint volume where the reflow structure did not take the
form of a symmetric spherical cap. This Section explores the reasons why this
asymmetry may have occurred.
It was asserted that a spherical cap would only be expected when the volume
of the imprinted recess was smaller than the maximum volume of recess Vmax =
0.044pis3 such that the wall contact angle of the meniscus (θw) was greater than
the natural contact angle between uncross-linked and cross-linked SU-8, (θnatural).
With container diameter s = 13 µm, the maximum volume of recess is Vmax = 303
µm3. On the other hand, with a 4 µm deep imprinted recess, and the diameter of
the imprinted recess of D = 10 µm, the volume of the recess should be V = 314
µm3; and similarly when D = 11 µm, V = 380 µm3. Thus, an imprint diameter
of 10 µm corresponds to a wall contact angle almost exactly equal to the natural
contact angle and when the imprint diameter is D = 11 µm, the meniscus wall
contact angle is significantly lower than the natural contact angle.
As illustrated in Figure 3.8 (a), for the imprint volume smaller than the Vmax,
it would be expected that the meniscus should cling naturally to the ring of the
container forming a spherical cap, and also that the wall contact angle (θW1)
should be greater than natural contact angle, as described in Section 3.3. The
same regime would be expected for the imprint volume equal to Vmax in which
case the the wall contact angle would be equal to θnatural as shown in Figure
3.8(b). However, if the imprinted volume, V2, is greater than the Vmax, surface
tension forces will be exceeded and might be expected that the fluid within the
container would slip down the walls, increasing the wall contact angle until the
natural contact angle is attained, this regime is shown in Figure 3.8(c).
To investigate the impact of exceeding the volume limit on the shape of the
reflowed structure, two STAL profiles corresponding to imprint diameters of D =
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Figure 3.8: Illustration of two regimes for STAL structures. Similar regime applies
to (a) and (b). a)For the imprinted volume V1 smaller than Vmax, the wall contact
angle (θW1) is expected to be bigger than the natural contact angle θnatural. b)
The imprint volume equal to Vmax results wall contact angle equal to θnatural c) for
the imprinted volume V2 larger than Vmax, the spherical cap might be expected to
slip down the walls to achieve a wall contact angle θW2 equal to natural contact
angle θnatural.
10 and D = 11 µm in Figures 3.9 were plotted. The largest circle that can fit
within these structures is also presented.
It can be seen from Figure 3.9 (a) that the reflowed structure with D = 10 µm
is highly symmetric and is well approximated by a circular profile with RMS error
of 0.01 µm. However, Figure 3.9 (b) presents that the reflow structure with D =
11 µm shows significant asymmetry and the geometry is not well approximated by
a simple circular profile as the RMS error was 0.26 µm. Since the wall meniscus
contact angle is below the natural contact angle, the meniscus may have slipped
from the rim down the wall. This could occur in an asymmetric fashion as the
quality of the exposed walls would now contribute to the observed meniscus shape
and the walls may have subtle asymmetry leading to the meniscus sliding down
only one wall and not other. This observation supports the hypothesis that the
wall meniscus contact angle should exceed the natural contact angle to achieve a
spherical cap.
In summary, in order to achieve a well defined spherical structures, the wall
contact angle of the meniscus (θw) must be greater than the natural contact angle
between uncross-linked and cross-linked SU-8 (θnatural). Violating this condition
results in a non-canonical shape of the STAL structures such as the asymmetric
shape observed in 3.9 (b) . The observation that the meniscus will slip down
the walls of the container if the imprinted volume exceed the maximum volume
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Figure 3.9: a) cross-section of structure with imprint diameter of 10 µm which
results in the imprint volume which is almost equal to Vmax and also the circular
fit, b)cross-section of structure with imprint diameter of 11 µm which results in
the imprint volume exceeding Vmax and the circular fit.
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presents a limit on the range of geometries that will reflow into simple forms.
However, if this slippage can be predicted and controlled through the container
geometry then such slippage may present an opportunity for the formation of
more complex 3D geometries. This opportunity warrants further investigation.
3.7 Impact of thermal treatment profile on form
of circular STAL structures
Previously in Section 3.5, raised ridges were observed at the edge of the dim-
ples. Figure 3.7 (a) presented the depth profile, acquired via AFM, for the
surface recesses resulting from application of STAL with imprint diameters of
D = 3, 4, 5, 6, 7, 8, 9, 10 and 11 µm and exposure with container diameter of 13
µm. In this chapter, these ridges will be studied further. First, the existing lit-
erature will be briefly explored in order to find possible explanation of origin of
these ridges, then two experiments will be presented to test whether the thermal
treatment could be responsible for existence of the ridges.
In the literature, it has been repeatedly reported that the exposed (cross-
linked) areas in SU-8 film are 7.5% thinner than the unexposed (uncross-linked)
region after polymerisation process [104]. However, recently Denning et. al re-
ported a contradictory observation of ridges at the border of uncross-linked and
cross-linked SU-8 [103], and suggested that the existence of such a ridge was be-
ing incorrectly interpreted as the exposed (cross-linked) areas in SU-8 film being
7.5% thinner than the unexposed (uncross-linked).
To explore this reported behaviour and its relationship to the structures of
this thesis, consider the depth profiles of Figure 3.10 which were taken from the
Figure 3.7 (a) in which the raised ridges are highlighted. The raised ridges are
locate at the edge of the container. It is evident that the ridges are predominant
in the shallower dimples. This result confirms the presence of the ridges which
support the observation of Denning et. al [103].
Moreover, Denning et. al reported that the thickness of uncross-linked SU-8
will be less than cross-linked SU-8 after the post exposure bake process, and also
suggested the use of a thermal treatment with modified, two-step profile to reduce
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Figure 3.10: Cross-section of 3D structures with identical diameters produced
from the imprinted recesses with varying diameters of 3 to 10 µm. The raised
ridges are highlighted.
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the undesired thickness variation on the film. The possible thickness variation
between cross-linked and uncross-linked SU-8 after thermal treatment requires
further investigation, which may result in better understanding of origin of the
raised ridges.
The thermal expansion coefficient of uncross-linked SU-8 has been reported as
220±10 ppm◦C−1 [104] which is much larger than the value has been reported for
cross-linked SU-8 as 52±5 ppm◦C−1 [105]. Due to the thermal expansion coeffi-
cient difference between cross-linked and uncross-linked SU-8, thickness variation
between uncross-linked and cross-linked SU-8 after thermal treatment and poly-
merisation would be expected. In these cases the profile of the thermal treatment
would be important as the thermal expansion and polymerisation could occur at
different temperatures and at different times during the baking process depending
on this profile and this would result in a variety of different thermal expansion
states that could be frozen into the structure as it cross-links.
To elaborate on the effect of thermal treatment profile on thickness variation,
consider a simple case of exposure and standard post exposure bake on a pla-
nar film of SU-8. First, the film is selectively exposed to UV light to initiate
polymerisation. Then, during the post exposure bake, the sample is heated from
25 ◦C to 95 ◦C, and hence both exposed and unexposed regions should start ex-
panding together. Exposed SU-8 would begin to cross-link and solidify. Solidified
SU-8 would have smaller thermal expansion coefficient than the liquid SU-8 and
so, as heating continues, the solid SU-8 would expand less than the liquid SU-8
within the container. The transition from cross-linked and solid to uncross-linked
and liquid SU-8 is gradual at the border of the exposure, and thus the transition
region would take longer to solidify, and hence reach a higher temperature or
greater degree of expansion before solidifying. On return to room temperature,
contraction of the exposed regions would be limited due to the cross-linking pro-
cess. In contrast, the unexposed SU-8 will contract to to its original volume at
room temperature and reshape under surface tension. Thus, if a film of uncross-
linked SU-8 is simply exposed with a container pattern and baked with standard
post exposure bake profile, two distinct features would be expected on the film:
first, a prominent ridge at the border of exposure, and second, the thickness of
uncross-linked region would be less than the cross-linked area. Both of these
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features are acutely dependent on the profile of the thermal process.
Having reasoned that the exact thermal process is critically important to de-
termine the resulting shape of reflowed and partially cross-linked SU-8 structures,
the following sections experimentally explore the impact of two different profiles
of thermal processes on the formation of STAL structures. These two processes
are the standard post exposure bake and a modified two-step profile.
3.7.1 Impact of thermal process with standard profile on
the form of STAL
As established in Section 3.7 the profile of thermal process can effect the form
of STAL by producing two distinct feature, raised ridges at the border of expo-
sure and also thickness variation between cross-linked and uncross-linked regions.
Thus, It is expected that these features would be observed, If STAL is applied
on a planar film of SU-8 with standard post exposure bake profile, even without
any initial imprint recess,
To experimentally investigate the impact of the standard post exposure bake
profile on the form of the STAL structures, the method described in Section 3.4
was followed using a standard post exposure bake profile while the imprinting
step was eliminated. A film of SU-8 2005 was spun onto a cleaned silicon wafer
to achieve a thickness of ≈ 5 µm. The sample was soft-baked, according to the
data sheet, on a hotplate to evaporate the remaining solvents from the film. The
sample was then removed from the hotplate and left at room temperature to cool
down. The sample was selectively exposed to UV light using a mask aligner (Karl
SUS MA6). The photo-mask contained an array of chrome circles with diameter
of 9 µm and a centre to centre separation of 14 µm. After exposure, a standard
post exposure bake was performed to complete the cross-linking process of the
exposed photoresist at 95 ◦C. Finally, a flood exposure step following a thermal
treatment was performed to retain the shape of the area which were protected in
the first exposure. The second bake was performed similar to the first bake.
Figure 3.11 presents AFM images of structure produced by the STAL method
using a standard post exposure bake as the thermal process without any initial
imprint. Figure 3.11 (a), presents an AFM image of the structure from the top
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and the cross-sectional line, along the AB-axis, is highlighted. Figure 3.11 (b)
presents the cross-sectional depth profile of a dimple structures acquired from the
AFM image along AB-axis which is highlighted in Figure 3.11 (a). The presence
of both features, the raised ridge and also the dimple are evident. The raised ridge
is located at the border of the exposure in the first exposure, and the dimple is
located in the area which was protected (uncross-linked) in the first exposure.
The height of the raised ridge was measured as 76 nm, and also the depth of the
dimple was measured as 418 nm. The largest circle that can fit within the dimple
is also presented. The cross-sectional depth profile of the dimple well complies
with the circular fit.
In summary, the results presented in Figures 3.11 suggest that, if the STAL
technique is implemented on a planar SU-8 film using standard post exposure bake
as the thermal treatment while the imprinting process is eliminated, spherical
dimple structures and also a raised ridge at the border of the exposure will still
be produced.
3.7.2 Impact of thermal process with two-step profile on
the form of STAL
In Section 3.7.1,it was shown that implementation of STAL using a standard post
exposure bake profile as the thermal process, on a planar SU-8 film, even without
initial imprint, will result in raised ridges at the border of the exposure and also
spherical dimples in the uncross-linked regions. To combat this effect, Denning
et. al suggested a modified, two-step thermal processing treatment. The two-step
baking process consisted of two major baking steps, the first baking step would
ensure the cross-linking of the exposed region at lower temperature, while the
second step would facilitate the reflow of the unexposed area beyond the glass
temperature of the SU-8. If this two-step baking profile is used, it would be
expected that both the raised ridges and the thickness variation effects would be
significantly reduced.
To experimentally investigate the impact of the two-step baking profile on
the form of the STAL structures, a similar method as described in Section 3.7.1
was followed while the profile of the thermal processes was changed to the two-
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step baking profiles. The two-step baking process was experimentally applied in
STAL technique as follows: the temperature was ramped from room temperature
to 55 ◦C and left at 55 ◦C for 2 hours, then was ramped to 95 ◦C and left at 95 ◦C
for 10 min before ramping back to room temperature.
Figure 3.12 presents AFM images of structures produced by the STAL method
similar to Section 3.7.1, but using two-step thermal process. Figure 3.12 (a),
presents the AFM image of the structure from the top and the cross-sectional
line, AB-axis, is highlighted. As it can be clearly seen from the color contour,
the area protected by the mask and hence uncross-linked in the first exposure
is raised. Figure 3.12 (b), presents the cross-sectional view of the structures
acquired from 3D AFM image along AB-axis which is high lighted in Figure 3.12
(a). Not only the depth of expected dimple is reduced, but it has in fact reversed
and is now slightly bulged. The largest circle that can fit within this structure is
also presented. The cross-sectional profile of the structure well complies with the
circular fit.
A possible explanation for the bulge structure could be the shrinkage of ex-
posed region after polymerisation which results in reduction of volume of the
container and consequently a raise in height of the liquid unexposed SU-8 within
the container.
Overall, the two step process significantly reduces the geometric effects pre-
viously observed with standard baking. Further investigation would be required
in order to be conclusive about the nature of the slight bulge observed with this
modified process.
3.7.3 Conclusion
In summary, the presence of the raised ridges at the border of the exposure in
STAL structures was noted. The impact of the thermal process profile on form
of STAL structure was further investigated experimentally with standard post
exposure baking profile and also a two-step modified baking profile. It was shown
that applying STAL on a planar SU-8 film using standard post exposure bake
without any initial imprint will result in dimples and raised ridges. On the other
hand, it was shown that, if similar experiment is performed, but the two-step
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Figure 3.11: AFM images of the structure produced by STAL using standard
post exposure bake process without any initial imprint. a) the AFM image of the
structure from the top and also the AB-axis is highlighted. b) the cross sectional
depth profile of the structure acquired from AFM result along the AB-axis, and
also the largest circle which can fit into the dimple.
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Figure 3.12: AFM images of the structure produced by STAL using two-step
thermal process without any initial imprint. a) The AFM image of the structure
from the top and also the AB-axis is highlighted. b) The cross sectional profile of
the structure acquired from AFM result along the AB-axis, and also the largest
circle which can fit into the depth profile is presented.
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profile is used for in thermal treatment, the morphology of the surface is greatly
reduced, but interestingly the surface exhibits slight spherical bulged structures.
The observations are sufficient to conclude that the modified two-step process
effectively removes the effects of the ridges and dimples without imprint, but
further study of the spherical dimple/bulge structures produced by STAL without
the initial imprint with different heating profiles only, can lead to development
of an inexpensive and rapid technique to realise 3D curved structures.
3.8 Conclusion
In summary, a novel concept of surface tension assisted lithography (STAL) tech-
nique was introduced for fabricating 3D curved structures, and also an analytical
model was provided to predict the form of the STAL structures confined by a
cylindrical container as a function of the initial imprinted volume and the con-
tainer diameter. STAL was then experimentally implemented on a single film of
SU-8 to produce a semi-spherical shape structures in a cylindrical container.
The impact of container diameter on the form of the STAL structures was
studied by performing an experiment in which, the imprint volume was held
constant and the diameter of the container was scanned. From the result of
this experiment, it can be concluded that the depth of the semi-spherical STAL
structures can be accurately predicted as a function of the container diameter
when the initial imprinted volume is known. It was noted that the accurate
prediction of the depth of the STAL structures becomes more difficult for the
smaller diameters as the exposure border (container) is in very close proximity
to the imprinted structures.
In the next experiment, in order to study the impact of the initial imprinted
volume on the form of the spherical STAL structures, the diameter of the imprint
volume was scanned and the diameter of the container was held constant. From
the result of this experiment, it was concluded that if the container diameter
is known, the depth of the semi-spherical cap can be accurately predicted as a
function of the volume of the imprint features. It was noted that for the largest
imprint diameter of 11 µm, the STAL structure started to become asymmetric
and thus the assumption underpinning the canonical formulas of Section 3.3 cease
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to be valid.
Two limitations of STAL were investigated. The first was the impact of the
wall contact angle on the form of STAL structures. The wall contact angle of the
meniscus (θw) must be greater than the natural contact angle between of uncured
and cured SU-8 (θnatural). It was shown that violating this condition results in a
non-canonical shape of the STAL structures such as asymmetry. This condition
presents a limit on the range of geometries that will reflow into simple forms.
The second limitation investigated was the impact of thermal treatment profile
on the form of the STAL structures. It was shown that the samples produced
using STAL with similar lithography but different thermal treatment profile, can
result in two very different outcomes. Dimples and raised ridges were produced
from implementation of STAL with standard post exposure bake profile. However,
when a two-step modified surface treatment was used, these features flattened
significantly, with a slight bulge of the reflow material being observed.
In practice, the minimum achievable size for STAL technique is limited by the
ability to align the container exposure mask to the imprinted displaced volume
and also the need to maintain a flat surface after imprinting such that intimate
contact can be achieved by the mask and the SU-8 during exposure. Beyond
these practical limitations, the fundamental resolution limit will be set by the
inherent limitations of photolithography (including resolution of the photoresist).
SU-8 is actually capable of very high resolution [106], hence, it should in principle
be possible to scale this technique down to one or two micron scale.
Each of these limitations and opportunities warrants further investigation in
the future which might lead into further discoveries. As an illustration, if this
slippage of the STAL structures due to the wall contact angle limitation can be
predicted and controlled through the container geometry then such slippage may
present an opportunity for the formation of more complex 3D geometries. This
opportunity warrants further investigation. Further, in the case of semi-spherical
dimples and bulge-like structures produced from thermal expansion coefficient
mismatch of the cross-linked and uncross-linked SU-8, further study of such phe-
nomena could lead to development of an inexpensive and rapid technique to realise
3D curved structures.
In summary, the form of the 3D structures achieved using STAL have been
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shown to be highly predictable. STAL enables rapid, flexible fabrication of 3D
features with independent control of diameter and depth and this can be achieved
with independent addressing and high resolution through arbitrarily complex im-
print stamps to define the initial reflow volume followed by arbitrarily complex
exposure masks to define the reflow containers. STAL offers significant opportu-
nities for fabricating smooth 3D microstructures used for microlenses, 3D surfaces
for characterisation of cells against shear stress, and 3D fluid manipulation for
cell sorting and mixing.
Having demonstrated that STAL can be used to realise 3D semi-spherical
geometries with independent controlled diameter and depth, it is now possible
to exploit this technique to demonstrate an experimental platform that would be
difficult to realise with alternate lithographic technologies. Such a demonstration
is the topic of next chapter.
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Surface Tension Assisted
Lithography (STAL) to achieve
3D microelectrodes fabrication
for dielectrophoresis
4.1 Introduction
In Chapter 3, a novel technique, surface tension assisted lithography (STAL),
was introduced for fabrication of smooth three dimensional structures. As a
simple proof of concept it was shown that the technique could be used to realise
semi-spherical structures with highly predictable geometries [43]. STAL provides
independent control over height and diameter of the semi-spherical structures.
There are many possible applications for such 3D structures, even in the form
of simple spherical caps. One possible application is the realisation of such 3D
electrodes for dielectrophoretic (DEP) manipulation of cells.
In this chapter, first a brief literature review of the DEP platforms equipped
with 3D microelectrodes is presented. Then, the STAL technique is used to fab-
ricate 3D semi-spherical microelectrodes that would be difficult to realise with
alternate lithographic technologies. The performance of semi-spherical micro-
electrodes is compared to 2D configuration by a series of numerical simulations
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and proof-of-concept experiments aimed towards immobilisation of viable and
repulsion of non-viable yeast cells.
4.2 Literature review of dielectrophoretic plat-
forms with 3D microelectrodes
Dielectrophoresis, the induced motion of suspended polarised particles under non-
uniform electric fields, is a versatile mechanism for manipulation, sorting and im-
mobilisation of cells in microfluidic systems [107, 108]. The performance of DEP
systems strongly depends on the configuration of microelectrodes. A variety of
microelectrode configurations have been proposed by different groups to improve
and diversify the performance of DEP systems, as discussed in a comprehensive
review [107]. While the majority of DEP systems have utilised 2D microelec-
trodes [109–112] very few of them are equipped with 3D microelectrodes. The
main advantage of 3D microelectrodes is their capacity to generate a strong elec-
tric field gradient distributed over a large area of the channel cross-section, which
in turn increases the sorting/trapping efficiency of the DEP system. This ad-
vantage comes at a price, since the fabrication of 3D microelectrodes is more
complicated.
The desire for 3D microelectrodes has led to innovative microfabrication tech-
niques by different groups. For example, Chen et. al created a semi-3D DEP
array by patterning 2D microelectrodes on the top and bottom surfaces of the
channel [13] as shown in Figure 4.1 (a). However, this leads to generation of weak
electric fields along the channel center line, which in turn limits the height of the
channel. Alternatively, Iliescu et. al developed extruded silicon microelectrodes
by etching a silicon wafer, and sandwiching it between two glass substrates, which
formed the bottom and top surfaces of the channel [14] as shown in Figure 4.1 (b).
Nevertheless, the etching and bonding of silicon wafers is relatively time consum-
ing and expensive. As an alternative, Voldman et. al fabricated cylindrical gold
microelectrodes by electroplating of gold into a geometry defined by a layer of
thick photoresist [15] as presented in Figure 4.1 (c). This leads to the formation
of sharp electric fields along the corners of the top face of the cylinder and also
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can disturb the intrinsic velocity profile of the flow. Wang et. al fabricated 3D
vertical microelectrodes along the side walls of the channel by electroplating gold
and later embedding the electrodes in SU-8, which formed the side walls [16] as
shown in Figure 4.2(a). However, this leads to generation of weak electric fields
along the channel middle, which limits the width of the channel.
A further study by Martinez-Duarte et. al created pillar type carbon micro-
electrodes by thermal degradation of SU-8 at 900 ◦C in an inert atmosphere [17]
as presented in Figure 4.2 (b). Although this technique provides an inexpensive
alternative to metal microelectrodes, it is restricted to planar structures, which
result in sharp electric fields along the corners of their top faces. Moreover, the
fluorescent nature of SU-8 can interfere with fluorescent microscopy [113].
The most accessible method to fabricate a 3D structure would be conventional
photolithography which offers the ability to realize extruded planar structures us-
ing photoresist. To fabricate 3D microelectrodes the extruded planar microstruc-
tures need to be metallised conformally. However, metallisation of the vertical
walls of the planar extruded structures can be extremely challenging. The diffi-
culties associated with fabrication of 3D microelectrodes have even encouraged
researchers to conceive electrode-less DEP systems. Lapizco-Encinas et. al pio-
neered the concept of insulator-based dielectrophoresis by positioning an array of
PDMS barriers along the channel and providing an electric field along the chan-
nel’s two ends to create sharp electric fields across the small gaps between the
neighbouring barriers [18, 19] as shown in Figure 4.3 (a). Despite of the simple
fabrication, the length of the channel was limited to produce strong electric fields.
Moreover, the cell samples could be contaminated at the reservoirs due to contact
with metallic electrodes. To overcome the operating issues of the latter approach,
Shafiee et. al introduced the concept of contact-less dielectrophoresis by insert-
ing metallic electrodes into conductive channels, which were orthogonal to the
main channel and were separated from it by a thin PDMS membrane [20, 21] as
presented in Figure 4.3 (b). However, this led to formation of weak electric fields
along the channel centre line, similar to the SU-8 embedded electrode [16].
Semi-spherical microelectrodes should be capable of producing strong electric
field gradients, and in turn DEP forces across a large area of channel cross-section.
The smooth structure of microelectrodes avoids the formation of undesired sharp
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Figure 4.1: a) left: Schematic of a semi-3D DEP array by patterning 2D micro-
electrodes on the top and bottom surfaces of the channel, and right: the micro-
scopic image of the system [13]. b) left: Schematic of the microelectrodes and the
distribution of corresponding electric field, and right: SEM image of the extruded
silicon electrodes [14]. c) left: Schematic of extruded gold microelectrodes, and
right: microscopic images of microelectrodes fabricated by electroplating of gold
into a geometry defined by a layer of thick photoresist [15].
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Figure 4.2: a) left: Schematic of the 3D vertical microelectrodes along the side
walls of the channel and the corresponding electric field, and right: SEM im-
age of the microelectrodes fabricated by electroplating gold and later embedding
the electrodes in SU-8, which formed the side walls [16]. b) left: Schematic of
the DEP system benefiting from , and right: SEM image of pillar type carbon
microelectrodes fabricated by thermal degradation of SU-8 [17].
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electric fields along the structure and should also minimise the disturbance of
nearby passing fluid. An investigation into whether the STAL process could be
used to realise semi-spherical electrodes for use in DEP trapping applications is
thus deemed worthwhile.
Figure 4.3: Contactless DEP systems. a) left: Schematic of insulator-based dielec-
trophoresis by positioning an array of PDMS barriers along the channel to create
sharp electric fields across the small gaps between the neighbouring barriers, and
right: fluorescent image of cell manipulating platform using insulator-based di-
electrophoresis [18, 19]. b) left: Schematic of the contact-less DEP system in
which microfluidic channels with conductive fluid are used as electrodes, and
right: fluorescent microscopy image of the cell sorting system [20, 21].
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4.3 Theory
As reviewed in Section 4.1, DEP platforms have been widely used for cell ma-
nipulation. In this section the theory and fundamental equations governing DEP
platforms will be briefly discussed.
If it is assumed that yeast cells are spherical structures, the time-averaged
DEP force applied on them is calculated as below:
F¯ = 2pir3εmediumRe[fCM ]∇E2rms (4.1)
where r is the radius of cells, εmedium is the permittivity of the medium, Erms
is the root-mean-square of the applied electric field, and fCM is the Clausius-
Mossotti factor of the cells, describing their relative polarisation with respect to
the surrounding medium. Considering live yeast cells as a homogeneous spherical
structure, their fCM is calculated as [114]
fCM =
ε∗cell − ε∗medium
ε∗cell + 2ε
∗
medium
(4.2)
ε∗ = εε0 − iσ
ω
(4.3)
where i =
√−1 and ε∗ is the complex permittivity, ε is the permittivity, σ is the
electrical conductivity, and ω is the angular frequency of the applied AC signal.
However, the yeast cells, as illustrated in Figure 4.4, have a multi-layer structure
consisting of cytoplasm, a plasma membrane wrapping the cytoplasm, and an
outer wall wrapping the plasma membrane [115].
The common approach to calculate the fCM of yeast cells is to apply the
double-shell spherical model, as it is illustrated in Figure 4.4.
The equivalent complex permittivity of the cytoplasm and the surrounding
membrane is calculated from Equation (4.4). Then, the equivalent complex per-
mittivity of the cytoplasm-membrane and the surrounding wall is calculated from
71
Chapter 4
Figure 4.4: Schematic of the multi-layer structure of a yeast cell, consisting of
cytoplasm, plasma membrane and an outer wall.
Equation (4.5) to be substituted in Equation (4.2). The geometric and dielectric
properties of yeast cells are given in Table 4.1.
ε∗cyt−mem = ε
∗
mem
[
r−twall
r−twall−tmem
]3
+ 2
[
ε∗cyt−ε∗mem
ε∗cyt+2ε∗mem
]
[
r−twall
r−twall−tmem
]3
−
[
ε∗cyt−ε∗mem
ε∗cyt+2ε∗mem
] (4.4)
ε∗cell = ε
∗
wall
[
r
r−twall
]3
+ 2
[
ε∗cyt−mem−ε∗wall
ε∗cyt−mem+2ε
∗
wall
]
[
r
r−twall
]3
−
[
ε∗cyt−mem−ε∗wall
ε∗cyt−mem+2ε
∗
wall
] (4.5)
Figure 4.5 (a) presents the DEP response (Re[fCM ]) of viable cells at frequen-
cies ranging from 10 kHz to 40 MHz,while at different medium conductivities of
0.025, 0.05, 0.075, 0.1, 0.125 and 0.15 Sm−1, obtained by spherical double-shell
model using the geometric and dielectric properties of yeast cells (Table 4.1).
Increasing the medium conductivity, weakens the positive DEP response of yeast
cells, as evidenced by decreasing the peak Re[fCM ] and increasing the crossover
frequency of the cells.
Figure 4.5 (b) shows the DEP response of non-viable (methanol treated) cells
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Table 4.1: Geometric and dielectric properties of yeast cells [115]
Properties Viable Cells Non-viable Cells
D(µm) 8 7
σcyt (Sm
−1) 0.2 7×10−3
εcyt(F/m) 50 ε0 50 ε0
σmem (Sm
−1) 25 ×10−8 16 ×10−5
εmem (F/m) 6 ε0 6 ε0
tmem (nm) 8 8
σwall (Sm
−1) 14 ×10−3 15 ×10−4
εwall (F/m) 60 ε0 60 ε0
twall (nm) 220 250
at frequencies ranging from 10 kHz to 40 MHz, while at different medium conduc-
tivities of 0.025, 0.05, 0.075, 0.1, 0.125 and 0.15 Sm−1. The results are obtained
by multi-shell spherical model and using the parameters listed in Table 4.1. The
cells exhibit a negative DEP response across the entire frequency range and at all
medium conductivities. However, increasing the medium conductivity enhances
the negative DEP response of non-viable yeast cells.
4.4 Experimental demonstration of 3D micro-
electrods using STAL
As discussed in Section 4.1, DEP platforms equipped with 3D microelectrodes can
be beneficial to cell sorting and cell trapping due to their capacity to generate a
strong electric field gradient over a larger area of the channel cross-section. In
this section the fabrication method of 3D microelectrodes using STAL will be
demonstrated.
As demonstrated in Section 3.4, STAL in principle is a combination of two well
established techniques: soft lithography and photolithography. Soft lithography
is used to create a recess of known volume in the surface of the photoresist while
photolithography is utilised to define a solid reflow container by exposing the
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Figure 4.5: a) DEP response of viable yeast cells at different frequencies and
medium conductivities, obtained by spherical double-shell model. b) DEP re-
sponse of non-viable yeast cells at different frequencies and medium conductivi-
ties, obtained by spherical double-shell model.
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photoresist outside the perimeter enclosing the patterned area. Heat treatment is
used to reflow the patterned and unexposed photoresist confined by the container.
The shape of the final 3D structure is governed by surface tension, which enables
microfabrication of smooth 3D structures.
In Figure 4.6 (a) and (b), surface recesses were imprinted on a film of negative
photoresist (SU-8) using elastomeric Polydimethyl siloxane (PDMS) mold. Next,
a container (reflow boundary) was defined by exposing the sample to UV light
while masking the patterned area as illustrated in Figure 4.6 (c). Then, a thermal
treatment was performed to simultaneously cross-link the exposed photoresist,
and to reflow the unexposed regions to form concave 3D curved structures, or
so called ‘dimples’ as illustrated in Figure 4.6 (d). A final flood exposure step
following a thermal treatment was necessary to solidify the dimples such that
they would retain their shape. Next, a layer of PDMS with a thickness of 500
µm was spun onto the fabricated sample to obtain the convex 3D structures
as shown in Figure 4.6 (e). The PDMS film was then placed on a microscope
glass slide. A thin layer of gold was then deposited on the PDMS film using
electron beam evaporation as shown in Figure 4.6 (f). Next, the microelectrodes
were patterned on the gold film using conventional gold etching techniques as
illustrated Figure 4.6 (g).
A scanning electron microscope (SEM) image of final 3D microelectrode is
presented in Figure 4.6 (h) in which, a slight misalignment is evident at the end
of the microelectrodes that could be due to the non-planarity of the PDMS at
the alignment and exposure stage. Finally, a PDMS microfluidic channel with
dimensions of 600 × 100µm (Width × Height) was aligned and placed on top
of the microelectrodes to create the DEP platform.
4.5 A comparison of numerical simulation of DEP
platform using 3D and 2D microelectrodes
It has been shown [114] that it is possible to accurately model the effectiveness
of DEP electrodes through rigorous numerical simulation of the electric fields
and particularly the gradients of the electric fields produced by the DEP elec-
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Figure 4.6: Schematics of the fabrication method of 3D microelectrodes using
STAL technique. (a-b) Patterning SU-8 film using soft lithography technique,
(c) defining a container for 3D structure using photolithography, (d) reflowing of
unexposed region to form curved 3D structures (dimple) within the exposed area
container, (e) obtaining the convex 3D structures on a PDMS film by casting, (f)
deposition of a thin gold layer on the PDMS by electron beam evaporation, (g)
patterning of gold microelectrodes by etching, and (h) SEM image of fabricated
3D microelectrode.
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trodes and hence the induced DEP force that is generated by the DEP electrodes
throughout the volume above the electrodes and the cross-section of the channel.
It is thus expected that if such numerical analysis were performed for 2D and
3D electrodes, then the characteristic differences in the DEP behaviour of these
electrodes will be clearly identified. In particular, it is anticipated that 3D DEP
electrodes should be able to produce a stronger field gradient than the 2D coun-
terparts, but this gradient should be broadly distributed across the surface of the
spherical electrode and should also extend deeper into the fluidic channel than
that produced by the 2D electrodes. If this is the case, then more effective cell
trapping might be expected for 3D electrodes. In this section, for better under
standing and quantitative comparison of 2D and 3D microelectrodes, results of
series of numerical simulations will be presented.
First, the contours of electric field and electric filed gradient were numerically
calculated using the ANSYS Fluent 6.3 software package [116]. In doing so, the
Laplace equation (∇2Φrms = 0) was solved within the channel by applying ap-
propriate electric potentials at the microelectrodes while enforcing a boundary
condition of zero electric flux at other surfaces of the channel, including the bot-
tom, top and side walls. Next, the electric field was calculated by differentiating
the electric potential (E = −∇Φrms). Finally, the DEP forces were obtained
by calculating the gradient of electric field square (FDEP ∝ ∇E2), as given in
Equation (4.1).
Figures 4.7 illustrates the contours of electric field produced by the 2D and
3D microelectrodes, at the cross-section of the channel which intersects with the
middle plane of the microelectrodes. To highlight the difference between the
two designs, the minimum threshold of the contours was set to 25 kV m−1. The
2D microelectrodes produce a strong electric field at the bottom of the channel
with a maximum of 400 kV m−1 along their edges. However, the electric field
sharply reduces along the height of the channel and reaches to 25 kV m−1 at an
approximate height of 50 µm, Figure 4.7 (a). Similar to the 2D electrode, the
3D microelectrodes produce a maximum electric field of 350 kV m−1, however,
unlike the 2D microelectrode, this strong electric field is distributed across the
sides of the hemisphere that confront the opposite microelectrode. This electric
field reduces to 25 kV m−1 at an approximate height of 75 µm as can be seen
77
Chapter 4
in Figure 4.7 (b), which is significantly deeper into the channel than for the 2D
microelectrode.
For further comparison, Figure 4.8 shows the variations of electric field across
the microchannel at the heights of 0, 20, 30 and 40 µm, produced by the 2D and
3D microelectrodes, respectively. Figure 4.8 (a) clearly shows the sharp reduction
along the vertical dimension of the 2D electrode, as it reduces from a peak value
of 400 kV m−1 at z=0 µm to 100 kV m−1 at z=20 µm, 55 kV m−1 at z=30 µm and
40 kV m−1 at z=40 µm. In comparison, Figure 4.8 (b) clearly indicates that the
field generated by the 3D electrode exhibits a smooth reduction of electric field
along the height. There is no significant difference between the peak electric field
values (350 kV m−1) at z=0, 20 and 30 µm (the height of the 3D microelectrodes),
whereas it reduces to 100 kV m−1 at z= 40 µm.
Finally, Figures 4.9 illustrates the contours of ∇E2 that generates the DEP
force, as given in Equation (4.1), produced by the 2D and 3D microelectrodes,
respectively. To highlight the difference, the minimum threshold of the contours
is set to 5 × 1014 V 2m−3. Under the appropriate combination of medium flow
rate and applied AC signals, the area covered by these contours determines the
effective trapping area of the microelectrodes. Comparing Figures 4.9 (a) and
(b) clearly indicates the advantage of the 3D microelectrodes which have a peak
value of ∇E2 which is 2.1 times bigger than that of the 2D microelectrodes. More
importantly, the area of the contour is 1.85 times larger than that of 2D design
(subtracting the surface area of microelectrodes this ratio reduces to 1.77).
4.6 An experimental comparison of DEP plat-
form with 2D and 3D microelectrodes
In Section 4.4, the fabrication of the 3D microelectrodes was demonstrated. Then,
Section 4.5 presented a comprehensive series of simulations of DEP in order to
compare 2D and 3D configuration of the microelectrodes. In this section, the
functionality of the 3D microelectrodes operating in a DEP platform is demon-
strated through series of yeast cell manipulation experiments. The results of the
experiments are compared to a similar experiments using 2D microelectrodes.
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a)
b)
Figure 4.7: Comparing the DEP performance of 2D and 3D microelectrodes using
numerical simulations. Electric field contours for a) 2D and b) 3D configurations.
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a)
b)
Figure 4.8: Variations of electric field along different heights of the channel for
a) 2D and b) 3D configurations.
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a)
b)
Figure 4.9: Comparing the DEP performance of 2D and 3D microelectrodes using
numerical simulations.Contours of (∇E2) at the bottom surface of the channel
for a) 2D and b) 3D configurations.
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In the first set of experiments, the performance of the DEP platform for
trapping viable yeast cells using 2D and 3D microelectrodes are compared. In
the next experiment, the DEP platform with 2D and 3D microelectrodes are used
for repulsion of non-viable yeast cells, and the results are compared.
4.6.1 Live cells trapping
To experimentally assess the advantage of the 3D configuration over the 2D equiv-
alent, the cell trapping capability of DEP platforms equipped with 2D and 3D
microelectrodes were compared .
4.6.1.1 Experimental conditions
The cell suspension was prepared by adding 40 mg of Saccharomyces cerevisiae
yeast powder (Sigma) to 100 ml of low electrical conductivity buffer (8.5% w/v
sucrose and 0.3% w/v dextrose). The electrical conductivity of the cell buffer was
adjusted by adding phosphate buffer saline (PBS) to the suspension. The flow
rate was set to 2 µlit/min, which corresponds to an average velocity of 0.55 mms−1
within the used channel.
In the first experiment, the electrical conductivity of the medium was set to
0.075 Sm−1, which yields maximum Re[fCM ] = 0.21 at the operating frequency
of 10 MHz as shown in Figure 4.5 (a). The amplitude of the AC signal was set
to 10 V.
In the second and third experiments, the electrical conductivity of the medium
was set to 0.125 Sm−1, which yields a maximum Re[fCM ] = 0.064 at 12 MHz
with two crossover frequencies of ≈ 5.5 MHz and ≈ 35 MHz as shown in Fig-
ure 4.5 (a). Under such conditions, the weak DEP response makes the trapping
of yeast rather challenging in the 2D configuration. Thus the experiments were
conducted at 12 MHz, where yeast cells exhibited their maximum DEP response
while minimising the risk of electrolysis and electrothermal vortices at the surface
of microelectrodes [117]. The amplitude of the AC signal was set to 5 and 10 V
in the second and third experiments, respectively.
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4.6.1.2 Results and discussion
Figure 4.10 presents the experimental results for live cell trapping at a medium
conductivity of 0.075 Sm−1 while the amplitude of AC signal was set to 10 V.
Under these conditions, the DEP force was strong enough to trap the cells along
the edges of microelectrode connection path as well as microelectrode edges, as
shown by white and yellow arrows, respectively. The density of trapped cells
increased along the tips of microelectrodes, where the immobilised cells bridged
between the neighbouring opposite microelectrodes. Under these conditions, both
2D and 3D designs become saturated after 6 minutes. This procedure was re-
peated three times and the data presented as mean ± standard error. The area
covered by trapped cells reached 58800±5950 and 57130±5670 µm2 for the 2D
and 3D designs, respectively. Assuming a single layer of cells, this corresponds to
1300±145 and 1270±125 cells, respectively. The similar trapping performance of
2D and 3D designs can be attributed to strong DEP forces obtained under the de-
scribed conditions. This led to running the experiment under weaker DEP forces
to compare the trapping performance of 2D and 3D designs. This was achieved
by reducing the applied voltage and increasing the electrical conductivity of the
medium (to yield less Re[fCM ] values), as reported in the second and third sets
of experiments.
Figure 4.11 presents the experimental result for live cell trapping while the
amplitude of AC signal was set to 5 V. The weak DEP forces produced at this
voltage limited the trapping of cells to the circular or spherical tips of the micro-
electrodes for both 2D and 3D designs. However, the 3D design demonstrated a
slightly better trapping performance, as evidenced by bridging of cells between
the neighbouring opposite microelectrodes, as shown with yellow arrows. Un-
der these conditions, both 2D and 3D designs became saturated after 12 min-
utes. This procedure was repeated three times and the data presented as mean
± standard error. The area covered by trapped cells reached 25260±2400 and
30670±3100 µm2 for the 2D and 3D designs, respectively. Assuming a single layer
of cells, this corresponds to 560±55 and 680±70 cells, respectively. Although the
positive DEP response and consequently the trapping performance of the system
can be intensified by reducing the medium‘s electrical conductivity, as presented
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Figure 4.10: Comparing the trapping of viable yeast cells obtained by 3D and 2D
microelectrodes. The flow rate and electrical conductivity of the medium were
set to 2 µlit/min and 0.075 Sm−1, respectively while the frequency and potential
of the AC signal were set to 10 V and 10 MHz, respectively. Images are taken 6
minutes after the application of cells. The scale bar is 100 µm.
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in 4.5 (a), the value of medium conductivity was set to 0.125 Sm−1 to (i) asses the
trapping performance of 2D and 3D microelectrodes in extreme conditions, and
(ii) avoid the formation of multi-layer cell clusters around the microelectrodes.
Figure 4.12 presents the experimental result for live cell trapping while the
amplitude of AC signal was set to 10 V. The magnitude of DEP forces was
four times stronger than the previous case, which expanded the cell trapping
area of both 2D and 3D designs. Under this condition, both microelectrodes
become saturated after 8-10 minutes. This procedure was repeated three times
and the data presented as mean ± standard error. The area covered by the
cells after 10 minutes reached 70350±7400 and 134400±2980 µm2 for 2D and 3D
designs, respectively. Again by assuming a single layer of cells, this corresponds
to 1560±160 and 2980±325 cells, respectively. The 91% increase in cell trapping
for the case of 3D design is consistent with the 113% increase of DEP forces, as
shown in Figures 4.9.
4.6.2 Dead cells repulsion
In the this set of experiments, the response of dead (methanol treated) cells to
2D and 3D microelectrodes was examined.
4.6.2.1 Experimental conditions
The suspension of non-viable cells was prepared by applying 5 ml of viable cell
suspension to 5 ml of methanol. The resulting suspension was then kept in a
37 ◦C water bath for 20-25 minutes with occasional agitation. The flow rate and
electrical conductivity of the medium were set to 2 µlit/min and 0.125 Sm−1,
while the potential and frequency of the AC signal were set to 10 V and 10 MHz,
respectively. This frequency was chosen to produce the maximum negative DEP
response of dead cells while minimise the risk of electrothermal vortices occurring
at lower frequencies.
4.6.2.2 Results and discussion
Figure 4.13 presents the results for dead cells repulsion experiment. No significant
difference was observed in the width of the cell-free region comparing the 2D and
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Figure 4.11: Comparing the trapping of viable yeast cells obtained by 3D and
2D microelectrodes. The flow rate and electrical conductivity of the medium are
set to 2 µlit/min and 0.125 Sm−1, respectively while the frequency and potential
of the AC signal are set to 5 V and 12 MHz, respectively. Images are taken 12
minutes after the application of cells. Trapped cells can be observed as bright
clusters between the microelectrodes, especially at the tip region. the area of
bright region, which represents trapped cells, is 25260±2400 µm2 for 2D micro-
electrodes while is 30670±3100 µm2 for 3D microelectrodes. And also bridging of
cells between microelectrodes are highlighted with yellow arrows. The scale bar
is 100 µm.
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Figure 4.12: Comparing the trapping of viable yeast cells obtained by 3D and
2D microelectrodes. The flow rate and electrical conductivity of the medium are
set to 2 µlit/min and 0.125 Sm−1, respectively and potential of the AC signal
are set to 10 V and 12 MHz, respectively. Images are taken 10 minutes after the
application of cells. Trapped cells can be observed as bright clusters between the
microelectrodes, especially at the tip region. At 10 V the area of bright region
is 70350±7400 µm2 for 2D microelectrodes while is 134400±2980 µm2 for 3D
microelectrodes. The scale bar is 100 µm.
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3D designs. The width of cell free region was measured as 390±15 µm and
400±20 µm for 2D and 3D microelectrodes, respectively. This result can be
explained as follows: approaching the first microelectrode array, the cells were
decelerated behind the microelectrode connection path (indicated by the yellow
arrow in Figure 4.13). Most of the cells were repelled from the microelectrodes
and pushed towards the side walls of the microchannel (indicated by the white
arrow in Figure 4.13). A small portion of cells were pushed to higher levitation
heights, as evidenced by three narrow streams of cells along the middle region
of the microchannel (indicated by the green arrow in Figure 4.13). The second
microelectrode array stabilised the position of displaced cells. This resulted in a
partially cell-free region downstream of the microchannel.
Figure 4.13: Comparing the repulsion of dead yeast cells obtained by 2D and 3D
microelectrodes. The flow rate and electrical conductivity of the medium are set
to 2 µlit/min and 0.125 Sm−1, respectively while the potential and frequency of
the AC signal are set to 10 V and 10 MHz, respectively. No significant difference
is observed in the repulsion performance of the 2D and 3D designs.The scale bar
is 200 µm.
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4.7 Conclusion
In summary, fabrication of 3D microelectrodes for DEP platform was demon-
strated using the STAL technique. A comparison of DEP platform with 2D and
3D microelectrodes using numerical simulation indicated the smooth decrease of
electric field along the height of the channel for semi-spherical microelectrodes.
More importantly, the simulations predict a 113% increase in the magnitude of
the DEP force compared to that of planar microelectrodes. A series of experi-
ments were carried out on yeast cell manipulation to compare the performance of
the DEP platform in 2D and 3D configurations. The results of these experiments
were in line with the numerical simulations, showing a 91% increase in the number
of trapped cells in 3D configuration compared to that of planar microelectrodes.
The STAL technique also might be utilised to fabricate 3D microelectrodes with
more complicated geometries to increase their coverage area. This demonstration
illustrates that moving from 2D to 3D electrodes can offer substantial benefits
to DEP trapping applications and also that the STAL technique can be used to
create a practical platform for realising 3D microelectrodes. It should be noted
that this demonstration was limited to simple semi-spherical 3D electrodes which
may not be the ideal choice for 3D DEP electrodes. Even with this simple choice,
an improvement in DEP effectiveness by a factor of 2 is evident. It is expected
that with some additional design effort it should be possible to design more so-
phisticated electrodes that could be realised using STAL to provide even more
effective DEP trapping and more favourable fluid dynamic interfacing to the flow
channel.
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Integration of planar posts into
STAL structures
Previously in Chapter 3, STAL was introduced and experimentally demonstrated.
The effect of control parameters such as initial imprint volume and container di-
ameter were studied. In Chapter 4, STAL was implemented to produce 3D micro-
electrodes. The 3D microelectrodes were employed to realise a dielectrophoretic
platform to manipulate live and dead yeast cells.
In this chapter, the opportunity of producing hybrid structures by integra-
tion of planar photolithography and STAL techniques will be studied. In the
first section, the concept of integration of planar posts into STAL structures is
introduced. Then, a theoretical model is developed to predict the deformation of
the post under surface tension. Next, the result of a proof-of-concept experiment
is presented for integration of post into STAL structures. Then, the effect of
parameters such as rigidity of posts, aspect ratio, and separation of the posts on
deformation of the posts are experimentally investigated and the finding of these
investigations is used to improve the theoretical model.
5.1 Introduction
The recent increasing interest in studying fundamental mechanism of cell cultur-
ing and stem cell differentiation, has fuelled intensive effort into the development
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efficient cell trapping technologies [118]. Hydrodynamic cell trapping appears to
be one of the most widely used techniques. Hydrodynamic single cell trapping
has been reported using arrays of flow-through microfabricated posts and also
cylindrical microwells[119–122]. One of the key advantages of cell trapping using
an array of microfabricated posts is that these platforms can provide a long term
single cell perfusion culture [123, 124].
Cell trapping with posts that extend from the top of the channel to the bottom
are effective, but lead to obstruction of that part of the channel resulting in
streamlines being generated around the trapped cell limiting the interaction with
the trapped cell. Conversely, trapping cells within recesses in the channel floor
can be effective in ensuring that the trapped cell does not obstruct the flow in the
channel, however, cylindrical microwells lead to cell trapping in recirculating dead
zones. It would be advantageous to be able to exploit the gradual dimple shapes
that have been demonstrated with STAL in Chapter 3. It is expected that a cell
trapped in the centre of one of these dimples would have only subtle impact on the
channel flow dynamics and would also leave the cell in a position where it would
interact strongly with the flow with no significant recirculation zone created by
the recess. However, in order to trap the cell in the centre of such a dimple,
it would be necessary to employ some additional mechanism, such as the use of
posts as described in [119–122]. These posts should be abrupt, lithographically
defined structures. This raises the question as to whether it is possible to adapt
STAL such that it is possible to simultaneously achieved abrupt lithographically
defined features within the gradual reflowed features of traditional STAL.
5.2 Concept of integration of posts into STAL
structures
The impact of side wall natural contact angle on form of circular STAL structures
was discussed comprehensively in Section 3.6. A summary of findings from the
investigation of Section 3.6 is presented in Figure 5.1 (a) to (c). As shown in
Figure 5.1 (a) and (b), larger initial volume results in smaller wall contact angle.
To ensure that the wall contact angle remains greater than the natural contact
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angle between cross-linked and uncross-linked SU-8 (θnat), the initial volume must
be smaller than maximum initial volume (Vmax) which corresponds to θnat. It was
hypothesised that if the initial volume exceeds the Vmax, the wall contact angle
will remain constant at θnat while the spherical cap will slide down the walls to
achieve the minimum interfacial surface energy. This hypothesis was tested and
the result is presented in Figure 5.1 (c), which shows the cross-sectional view
of depth profile corresponding to the case that the initial volume exceeds the
Vmax. The STAL structure with volume exceeding the Vmax shows a significant
asymmetry and the geometry is not well approximated by a simple circular profile.
This observation supports the hypothesis that the wall meniscus contact angle
should exceed the natural contact angle, and hence the initial volume should not
exceed Vmax to achieve a spherical cap (see section 3.6 for further discussion).
Having established that violating natural wall contact angle condition results
in slippage of the STAL structure down the walls of container, the opportunity
arises that if this slippage of STAL structures can be predicted and controlled
through the container geometry, then such slippage may present an opportunity
for the formation of more complex 3D geometries.
A new structure which can benefit from the wall contact angle feature of the
STAL is proposed in Figure 5.1 (d). As illustrated in Figure 5.1 (d), planar struc-
tures such as cylindrical posts could be integrated into STAL structures. Such
structures could become particularly interesting if the initial volume of STAL
exceeds Vmax which corresponds to uniform wall contact angle equal to natural
contact angle (θnat) on all the walls. In such circumstances, it is expected that
the reflowed material will slip down the wall of the posts first, which should reveal
the sharp features of the top of the posts and result in relatively abrupt transi-
tion from the reflowed surface to the vertical post as illustrated in Figure 5.1 (d).
These structures would be beneficial in many applications such as cell trapping
with minimised disturbance of the fluid.
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Figure 5.1: a) Initial imprinted pattern with a known volumes, b) the 3D STAL
structures after applying STAL technique. The larger initial imprinted volume
results in the smaller wall contact angles of STAL structures. V2, which is larger
than Vmax, results in a STAL structure which holds the natural contact angle
θnat and slides down the walls. c) AFM profile of STAL structures with initial
volume of greater than Vmax with the asymmetric profile which could be due to
asymmetric sliding of the liquid on walls. d) Integration of planar structure into
STAL structures with large initial imprinted volume which can benefit from the
wall contact angle feature.
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5.3 Theoretical deformation of the posts under
surface tension
As conceptually proposed in Section 5.2, the integration of posts into STAL struc-
tures could be beneficial to many application such as hydrodynamic cell trapping
platforms. However, if a post was standing in a container filled with fluid, it is
expected that the same capillary forces that adhere the fluid to the post and the
surface tension that pulls the fluid down into the container would exert significant
force on the post itself. If the post is long and thin, then it might be possible
for the post to be bent and pulled into the surface of the fluid in order to reduce
the fluid air interface area. Several other researchers have studied the deflection
of micro structures caused by surface tension [62, 125–128] and other micro-scale
forces[129, 130] and hence it will be useful to consider the mechanical properties
of an SU-8 post and the forces that might be expected to be exerted on this post
in order to be able to predict under what conditions the post will be able to resist
the pull of the fluid and break free of the surface as illustrated in Figure 5.1 (d).
To enable theoretical analysis, a simplified system is considered, as shown in
Figure 5.2. Four assumptions are necessary. The first assumption is that the
sample is symmetric, so that only one post needs to be studied. Referring to
Figure 5.2, four forces are identified: qp, qc, q1 and q2. Second, it is assumed that,
due to symmetry, the two forces q1 and q2 in Figure 5.2 are equal and opposite
and thus cancel one and other. Third, only a strip of the liquid, as wide as the
posts, is used to analyse the deformation of the post along the AA′ axis. Finally,
it is assumed that the uncross-linked SU-8 behaves as an ideal liquid and that the
cross-linked SU-8 behaves as an ideal, elastic solid with no plastic deformation
and that none of the SU-8 material is in an intermediate state.
In equilibrium the minimum interfacial energy under constant volume condi-
tion leads to Laplace formula [59, 63]:
∆p = 2σM (5.1)
relating the pressure difference across the interfacial surface (∆p) to the surface
tension (σ) and the mean curvature of the interfacial surface (M), which is defined
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Figure 5.2: a) The top view of the cross-linked SU-8 posts inside the strip of
the uncross-linked SU-8 liquid. The forces exerted on the post in each direction
due to the surface tension qp, qc,q1, and q2. The distance of the post from next
post (dp), diameter of the post (D), and the distance of the post from the wall
of the container (dc) are also highlighted. The AA
′ axis is used to produce the
cross-sectional view. b) The cross-sectional view of the system along AA′ axis.
Distributed forces of qp and qc exerted on the post towards the next post and the
wall of the container, respectively. the length of the post (L) and also the contact
angle between cross-linked and cross-linked SU-8 (θ) are also highlighted.
as M = 1
R
for a spherical shape with a radius of curvature of R. The other hand,
the maximum deformation length for a beam with one fixed end is defined as
[131]:
δ =
qL4
8EI
(5.2)
in which, q, is the force per unit length, L, is the length of the post, E is the
Young’s modulus of the post and I is the second moment of the area of the post.
The second moment of area, I, for a cylindrical post is defined as [131]:
I =
pi
4
r4 (5.3)
in which, r, is the radius of the cylindrical post. Substituting Equation (5.3) into
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the Equation (5.2) leads to:
δ =
8
Epi
qK4 (5.4)
in which K = L
D
is the aspect ratio of a post with length L and diameter D.
Moreover, the distributed force exerted by the liquid on the post, q, can be
expressed as follows:
q =
∫
∆p dx (5.5)
in which, the integral is defined along the contact line of the liquid, which is
approximated as half of the circumference of the cylindrical post (piD), while the
fluid is adhered to the rim of the post before slipping. By substituting (5.1) into
the (5.5) it is possible to write:
q = piDσ
1
R
(5.6)
which can be written in terms of distance between the post and the adjacent
object (d), as:
q = piσ sin(θ)
D
d
(5.7)
As shown in Figure 5.2, the forces qp and qc can be calculated from (5.7)
using d=dp and d=dc respectively. Finally, by substituting (5.7) into the (5.4),
the maximum deflection can be expressed as:
δ =
8σ
E
sin(θ)
DK4
d
(5.8)
As shown in Equation (5.8), the expected deflection should be proportional
to the surface tension (σ), related to the contact angle (θ) and inversely propor-
tional to the Young’s modulus of SU-8 (E). None of these parameters are really
variables that can be controlled. The deflection is also proportional to the post
diameter (D) and inversely proportional to the separation (d) indicating that as
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the separation (d) reduces, the deflection will increase hyperbolically. The most
important feature of Equation (5.8) is that the deflection is proportional to K4,
and hence a small variation of the aspect ratio should cause a large deflection of
the post.
In summary, within the constraints of the assumptions set at the start of this
section, Equation (5.8) should accurately predict the deflection of post that is
caused by surface tension of liquid between the post and adjacent object.
5.4 A proof-of-concept demonstration of inte-
gration of planar posts into STAL structures
In order to experimentally demonstrate integration of planar posts into the re-
flowed STAL structures, the steps of STAL technique as described in Section 3.4
were followed with a few minor adjustments. As illustrated in Figure 5.3 (a), a
film of the negative photoresist (SU-8) was imprinted using an elastomeric PDMS
mold to form a ring like surface recess with a raised region in the middle.
Next, posts and the reflow boundary were defined simultaneously using UV
exposure by selectively exposing posts and the material outside a perimeter en-
closing the imprinted recess as shown in Figure 5.3 (b).
After exposure, a thermal treatment was used to cross-link the exposed pho-
toresist including both container and posts, and to reflow the unexposed regions.
This reflow acts to reshape the imprint from its original raised flat plateau ge-
ometry to a meniscus in order to achieve a minimum energy state as a liquid as
illustrated in Figure 5.3 (c). The cross-linked region including posts provides a
container for the uncross-linked SU-8. The form of the meniscus is defined by the
geometry of the container and also the posts. The temperature treatment was
performed as follows: the temperature was ramped to 55 ◦C and left at 55 ◦C for
2 hours, then was ramped to 95 ◦C and left at 95 ◦C for 10 min before ramping
back to room temperature. The first baking step aimed to ensure that the ex-
posed region became fully cross-linked while the second step was to reflow the
unexposed area as the temperature was above the glass transition temperature
of the SU-8.
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Figure 5.3: Integration of planar structures into STAL structures. a) SU-8 film is
patterned using imprinting technique, b) the container and posts are defined at
once using UV exposure. c) The liquid material, unexposed SU-8, reflows within
the container.
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Figure 5.4 presents the result for integration of post into STAL structure. As
seen in Figure 5.4 the unexposed area reflowed successfully. However, it is clear
that the posts have been displaced and are partially submerged in the reflowed
SU-8 while the tip of the posts are still visible.
A few possible factors might have contributed to this phenomena for example,
the posts might not be cross-linked all the way to the substrate resulting in them
detaching from the substrate during reflow, or perhaps the posts were cross-linked
all the way to the substrate but the surface tension forces exerted during reflow
detached the posts from the substrate, or the posts were cross-linked all the way
to the substrate and remain attached to the substrate but have been deformed
and bent under the surface tension.
To further study these possibilities, the unexposed region was developed away
to reveal the structure of the posts beneath the surface of the reflowed SU-8.
Figure 5.5 presents an SEM image of the posts after removing the unexposed
SU-8. The posts seem to be cross-linked all the way to the substrate and also
attached to the substrate. However, the posts appear deformed and bent. Refer-
ring to Equation (5.8), the observed deflection could be caused by a number of
factors. Firstly, since the surface begins to reflow simultaneously with the cross-
linking of the posts, it is possible that posts began deflecting while they were still
quite soft. This can be modelled as a low Young’s modulus (E) and according
to Equation (5.8) it would be expected that the deflection would increase hyper-
bolically with reduced Young’s modulus (E). It is also possible that the partially
cross-linked SU-8 does not behave as an elastic solid and may exhibit some plas-
tic deformation and hence may not be accurately modelled by Equation (5.8).
Secondly, the posts had a relatively small separation (d) and again, according to
Equation (5.8) the deflection should increase hyperbolically with reducing sep-
aration. Finally, it is evident that the post aspect ratio is significantly greater
than 1 being much taller than they are wide and according to Equation (5.8) the
expected deflection would be very sensitive to this aspect ratio. Each of these
factors could be investigated further in order to try to prevent the posts from
collapsing.
In summary, this section has attempted to show that it is possible to realise
planar features within a reflowed STAL structure. The results are partially suc-
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Figure 5.4: SEM image of planar post integrated into STAL structures. The un-
exposed region has reflowed to a curved shape. The posts collapsed and partially
submerged into the reflowed material. The tips of the posts are visible and it
seems to have a well defined circular shape.
Figure 5.5: SEM image of the integrated planar posts into the STAL structure
after development of the unexposed (reflowed) materials. The posts are still
attached to the substrate. The posts are deformed and the top parts of the posts
are stuck together.
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cessful with the posts being defined and remaining connected to the substrate.
However, the posts were significantly deformed during reflow, resulting in collapse
of the posts with their tips being pulled beneath the surface of the meniscus rather
than the meniscus slipping down their sides.
An analysis of the possible causes of the collapse of the posts was conducted
and several possible avenues for improvement were identified including increasing
the rigidity and hence Young’s modulus of the posts, increasing the separation of
the posts and also reducing the aspect ratio of the posts.
5.5 Demonstration of Integration of planar posts
into STAL structures with optimized method
In Section 5.4, it was discussed that three possible parameters could be respon-
sible for the deformation of the posts. These were the stiffness of the posts, the
separation of the posts and aspect ratio of the posts. This section explores each
of these options independently.
In this this section, first, a modified method for integration of posts in STAL
structures is introduced to ensure complete cross-linking of posts prior to reflow.
Results of an investigation are presented to experimentally investigate the effect
of aspect ratio of the SU-8 post and also distance between posts using an array
of STAL structures with integrated posts.
5.5.1 Ensuring complete curing of the SU-8 posts prior to
reflow
This section explores whether the collapse of the posts observed in Figure 5.5 is
due to the incomplete cross-linking of the SU-8. The thermal processing used in
the STAL process of Section 5.5 included a step where the temperature was raised
to 55 ◦C for 2 hours before taking the sample to 95 ◦C for 10 min. The 55 ◦C bake
was intended to cross-link the exposed regions of the SU-8 so that they solidified
to some extent prior to increasing the temperature to 95 ◦C where the unexposed
SU-8 would reflow and the exposed SU-8 would complete its cross-linking process.
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It was shown in Section 3.7.2 that this baking procedure is effective in reducing
the deformation of the edges of the exposed containers during reflow, however
it is possible that the exposed posts were not fully cross-linked during the 55 ◦C
baking step such that they either exhibited some plastic deformation during the
reflow step at 95 ◦C or, at the very least, exhibited a lower Young’s modulus
during this reflow step. It is proposed that if it could be ensured that the posts
were fully cross-linked with a full 95 ◦C cross-linking step but with the reflow
prevented, the deflection of the posts may be reduced.
Modified baking procedure
In order to prevent the surfaces from reflowing during the 95 ◦C baking step, liquid
PDMS was poured into the surface recess after exposure, but before thermal
processing. This PDMS infill would solidify during the 55 ◦C baking step and
prevent the surfaces from reflowing at 95 ◦C allowing the posts to fully solidify
without having any surface tension forces exerted on them.
Figure 5.6 illustrates the modified method to integrate planar structures with
STAL structures. A film of the negative photoresist SU-8 was imprinted using
an elastomeric PDMS mold to form a ring like surface recess with a raised region
in the middle as shown in Figure 5.6 (a). Next, posts and the reflow boundary
were defined at once using UV exposure by selectively exposing posts and the
material outside a perimeter enclosing the imprinted recess as shown in Figure
5.6 (b). After exposure, premixed PDMS was poured on the sample to fill the
surface recesses and form a thin layer (500 to 1000 µm) of PDMS on top of the
sample. The PDMS was prepared by mixing a two component silicone elastomeric
curing agent and base (mass ratio 1:10), Sylgard 184 (Dow Corning Corp. USA).
To avoid trapped air bubbles in the pattern, PDMS was degassed in a vacuum
chamber for 25 min at pressure of -15 psi before it was poured onto the master
as shown in Figure 5.6 (c).
Next, a two-step thermal treatment was performed in order to first cure the
PDMS, and then cross-link the exposed photoresist. The two-step thermal treat-
ment was performed as follows: the temperature was ramped to 55 ◦C and left at
55 ◦C for 30 min, then was ramped to 95 ◦C and left at 95 ◦C for 10 min before
ramping down to room temperature. The first baking step was to cure the PDMS
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Figure 5.6: Optimised method to integrate planar structures into STAL struc-
tures. a) SU-8 film is patterned using imprinting technique, b) the container and
posts are defined at once using UV exposure, c) premixed PDMS was poured on
the sample to fill the recesses. PDMS was cured first, to prevent reflowing of
unexposed SU-8, in the following process of cross-linking exposed SU-8. d) The
PDMS was removed. e) The unexposed SU-8 reflows within the container.
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while the second step was to ensure that exposed region was fully cross-linked.
Then, the thin layer of PDMS was removed from the sample as shown in
Figure 5.6 (d). Subsequently, a second thermal treatment was performed to
reflow the uncross-linked SU-8 and form a meniscus defined by the geometry of
the container. The temperature was ramped from room temperature to 95 ◦C
and left at 95 ◦C for 10 min before ramping down to room temperature.
This reflow should act to reshape the imprinted recess from its original ge-
ometry, to a meniscus, in order to achieve a minimum energy state as a liquid.
The cross-linked region including posts provides a container for the uncross-linked
SU-8 and the form of the meniscus is defined by the geometry of this container
as illustrated in Figure 5.6 (e).
Observation after cross-linking but before reflow
An experiment was performed to demonstrate the effectiveness of the PDMS
infill method to prevent the reflow of uncross-linked SU-8 while the posts and the
container are cross-linked at 95 ◦C. The steps of modified method were followed
as shown in Figure 5.6 to fabricate arrays of STAL structures with integrated
posts with varying and aspect ratios (K), distances between the posts (dp), and
between the posts and the container wall (dc). Microscopy images were acquired
after the removal of the PDMS infill to investigate whether the posts remained
in their original positions.
Figure 5.7 presents microscopy images of three arrays of STAL structures with
integrated posts. As highlighted in Figure 5.7, the aspect ratio of the posts in
the first row were K = 2.5, in the second row were K = 2.8 and in the third row
were K = 3.1. The separation of the posts ranged from dp = 10 µm to 50 µm,
while the distance from the container wall ranged from dc = 70 µm to 30 µm.
As evident from Figure 5.7, the sharp edges of the posts in all of the structures
are detectable, and also the posts appears to remain in their original place in
the container, with the symmetric distances to the container walls. However, the
borders of imprinted raised ribs are not clearly visible. This can be due to surface
reflow of uncross-linked SU-8.
From results of Figure 5.7, it can be concluded that the proposed modified
method with PDMS infill can indeed ensure that the posts remain in their original
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Figure 5.7: Microscopy image of the posts with varying aspect ratio and sepera-
tion, in the containers, after baking at 95 ◦C.
position with no significant deformation during the completion of the cross-linking
process at 95 ◦C. It is reasonable to assume that the posts would be fully cross-
linked after the full baking procedure at 95 ◦C. While this additional baking step
appears to have been effective in preserving the posts, it has been reported that
excessive baking of SU8 can lead to broadening of features [106, 132].
5.5.2 Effect of aspect ratio and separation
To experimentally investigate the effect of the post aspect ratio and separation on
deformation of the post, an array of STAL structures with integrated posts with
different combination of posts aspect ratio and separation was studied. Having
established that the modified baking process of Section 5.5.1 was effective in
eliminating the observed post deformation prior to complete cross-linking of the
posts, the modified method was utilised in this experiment.
The array of STAL structures with integrated posts consisted of three rows
and nine column in the arrangement as follows: STAL structures in each row
contained posts with similar aspect ratio (K) of 2.5, 2.8, and 3.1 in the first,
second, and third row, respectively. The distance between the posts (dp) varies
within each row from 10 to 50 µ m and accordingly the distance between the
posts and the container wall (dc) varies from 70 to 30 µ m in each rows. The
modified baking process of Section 5.5.1 was employed to first cross-link the SU-8
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at 95 ◦ C, while the PDMS infill prevented significant reflow of uncross-linked
SU-8, and then after removal of the PDMS to reflow the uncross-linked SU-8 at
95 ◦ C.
As shown in Figure 5.8, in most of the STAL structures the posts have col-
lapsed, although there are a few STAL structures in the top right of the array
(largest diameter/lowest aspect ratio posts and largest separation) which have
survived the STAL process. Arcs with darker color can be noticed in some of the
structures which could be due to misalignment in exposure step. The posts were
broadened compare to the features on the photo-mask. As a result, the diameter
of the posts fabricated using a photo-mask containing the circular feature with
diameter of 16 µm, 18 µm, and 20 µm measured as approximately 20, 22, and
25 µm, respectively. And hence the separation of the posts have changed accord-
ingly. The broadening of the post could be due to the extra baking steps in the
process, as described in Section 5.5.1.
In summary, integration of planar posts into STAL structures with modified
baking method was demonstrated. The effect of posts separation and the post
diameter on deformation of the posts were experimentally shown. The modi-
fied baking method, with PDMS infill, can indeed ensure that the posts remain
in their original position with no significant deformation during the completion
of the cross-linking process at 95 ◦C. However, it was observed that excessive
baking of SU-8 can lead to slight broadening of features. Having experimentally
demonstrated the effect of the post aspect ratio and separation on deflection of
the posts, it should be possible to predict the deflection and possible collapse of
the posts using the theoretical model developed in Section 5.3. This prediction
is topic of next Section.
5.6 Predicted deformation of the posts under
surface tension
In Section 5.3, it was concluded that within the constraints of the assumptions
outlined in Section 5.3, the deformation of the cylindrical post under surface
tension can be theoretically calculated as shown in Equation (5.8). In Section
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Figure 5.8: SEM images of the planar posts integrated into the STAL structures
using modified process. STAL structures in each row contain post with similar
aspect ratio while the distances between the posts (dp), and the distance between
the posts and the container wall(dc) varies. STAL structures in each column
contain posts with varying aspect ratio while the separation is fixed.
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5.5, the integration of posts into STAL structures using a modified method and
also the effect control parameters such as posts separation and the posts diameters
on deflection of the posts were experimentally demonstrated. In addition, it was
shown that in some cases the posts deflected so much that they touched the
nearby object.
In this section the deformation of SU-8 posts within the STAL structures are
studied further in order to predict the possible collapse of the posts under surface
tension. The collapse of the post is defined as deformation of the post equal or
greater than half of the distance of the nearby object, δ > d
2
.
To evaluate whether the theoretical model presented in Section 5.3 can predict
the possible collapse of the posts, deformation of the SU-8 posts with diameter
of 25 µm and separation of the 30 µm integrated in the STAL structure with
diameter of 140 µm will be calculated. The SEM image of this structure is
presented in the Figure 5.9. A cross-section of such a system is also illustrated
in Figure 5.2.
To calculated the deflection, the following values were substitute in Equa-
tion (5.8): the post diameter, the separation between posts, and also the sepa-
ration between the post and the wall of the STAL structure were D = 25 µm,
dp = 30 µm, and dc = 48 µm respectively. And also the surface tension of
uncross-linked SU-8, the Young’s modulus of fully cross-linked SU-8, and the
natural contact angle between cross-linked and uncross-linked SU-8, were used as
reported in the literature as σ = 47 mNm−1 [133], E= 2 to 5 Gpa [134–138] and
θ = 26◦ [43], respectively.
After substituting these values into Equation (5.8), the deflection of post in
such a system under surface tension force of qp which is highlighted in Figure 5.2
calculated as 0.7 nm. Similarly, the deflection of the post under surface tension qc
which is again highlighted in Figure 5.2, was calculated as 0.5 nm. Superimposing
the effect of qc, the sum deflection is calculated as 0.2 nm.
Evidently, the theoretical prediction does not agree with the experimental
results, as the deflection of the posts in Figure 5.9 is several orders of magnitude
higher than this prediction. The deflection of each post in Figure 5.9, can be
considered at least 12.5 µm which is half of the distance between posts, since the
posts have obviously collapsed.
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Figure 5.9: SEM images of the planar posts integrated into the STAL structures
using modified process. The posts have collapsed. The diameter of the posts are
≈ 25µm and the STAL structure is ≈ 140µm.
On the other hand, the theoretical stress for such a post is calculated as 4.02
Gpa which is more than two orders of magnitude larger than the maximum stress
for SU-8 reported in the literature as 34 Mpa [134]. These numbers suggest
that the cylindrical post would not survive the stress without fracture or plastic
deformation. Indeed, from the result of Figure 5.5, it was concluded that the
posts were not fractured but may have plastically deformed.
The finding was quite surprising and suggests that the theoretical model needs
to be modified. In this perspective, the Young’s modulus used in calculation is rel-
evant for fully cross-linked SU-8, while it is known that the processing conditions
such as optimum exposure dose of SU-8 can drastically change the mechanical
properties of the SU-8 such as E modulus [132, 139]. Hence, the Young’s modu-
lus used in calculations needs to be calibrated to the more realistic experimental
value.
Knowing the deflection of the structures presented in Figure 5.8 with post
diameter of 25µm and post length of 50µm, which are presented in first row,
the Young’s modulus can be calculated for each case using Equation (5.8). The
deflection for the posts which have collapsed is defined as half of the distance
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between the posts.
To verify which calibration can be used to predict post deflection, the theoret-
ical deflection (δ) is plotted as a function of the distance between the posts (dp)
using Equation (5.8). Figure 5.10 presents theoretical deflection (δ) of the post
versus the distance between the posts, for each calibrated Young’s modulus(E).
A line of δ = d
2
is also presented. The region highlighted in blue color above this
line represents the collapse zone, since δ > d
2
. The region highlighted in yellow
represents the non-collapse region as δ < d
2
. It should be noted that the theoret-
ical deflection is the superposition of two deflections caused by the forces qp and
qc corresponding to the separations dp and dp, respectively as follows:
δ =
8σ
E
sin(θ)DK4| 1
dp
− 1
dc
| (5.9)
The theoretical prediction using the calibrated E which was acquired from
the experimental data (dp = 35) seems to have reasonable agreement with the
experimental data presented in Figure 5.8. As shown in Figure 5.8, the posts
with distance equal or smaller than 30 µm have collapsed which is in line with
the theoretical prediction in Figure 5.10 which shows these posts are in collapse
zone.
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colors, respectively.
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5.6.1 Conclusion
The concept of integration of planar posts into STAL structures was introduced
and experimentally demonstrated. The evidence from experimental demonstra-
tion confirmed that while the posts were formed and did emerge from the surface
of the reflowed STAL structures, the posts were deformed under surface tension.
A simplified model was developed to predict the deformation of the posts under
surface tension. Then a modified method for thermal treatment was introduced
to ensure complete cross-linking of the posts prior to reflow which increases the
SU-8 stiffness. Then the effect of both posts aspect ratio and also the distance
between the posts on deformation of the posts were experimentally studied. The
result of this experiment was utilized to modify the theoretical model in order to
predict the deformations and possible collapse of the posts.
A number of caveats need to be noted regarding the present study. First, the
developed model in Section 5.3 is a simplified model to predict post deformation
only in symmetric containers. Nevertheless, for more complex structures predic-
tion of the exerted forces from the liquid is explicitly predictable using numerical
modelling. In such cases the open source finite element package developed by
Brakke [60] is widely used [62]. Second, the modified baking method introduced
to ensure that the posts remain in their original position with no significant de-
formation during the completion of the cross-linking process at 95 ◦C, can lead to
slight broadening of features due to excessive baking of SU-8. This broadening
should be considered in advance at design stage.
Integration of posts into STAL structures enables the abrupt transition from
curved surfaces to the planar features which is appealing in many applications
such as hydrodynamic manipulation of the fluid for biological applications such
as cell trapping. To achieve a complete platform for cell trapping, in the future,
further numerical and experimental investigations are needed to estimate the
optimum shape of the container and accordingly optimum geometry of the posts.
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Additional extension of STAL
Chapter 3 introduced the new STAL technique that enables the formation of 3D
reflow structures with independent and addressable control of heigh and width
of each structure. Chapter 4 presented an application of this technique for the
realisation of 3D micro electrodes for dielectrophoresis and Chapter 5 explored
the possible extension of the STAL technique to include sharp features such as
posts that could be included within the reflow structures. This Chapter explores
a number of possible further extensions of the STAL technique. In particular, the
first section of this chapter investigates whether STAL can be used in a convex
mode with protruding structures rather than recessed dimples, with cylindrical
reflow geometries rather than a spherical cap and at a larger dimensional scale
of 10s of microns rather than the few microns demonstrated already. The second
section of the chapter explores whether an additional patterned photolithography
step could be used after the reflow of the STAL structures instead of the flood
exposure used previously as a means of patterning the reflowed interior of the
container.
6.1 Integration of convex STAL structures into
raised structures for microfluidic applications
The demonstration of STAL in Chapter 3 and Chapter 4 have shown how concave
spherical dimples can be realised which are recessed into a featureless plane.
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There is no requirement that limits STAL features to being only spherical. Other
shapes, such as cylinders, could be achieved by adjusting the container geometry.
Further, there is no requirement that the container itself needs to be simple
plane. More complex containers could be realised using various soft lithography
techniques and STAL could be applied to these complex geometries to reflow only
part of the geometry. This section aims to explore these possibilities.
First, Section 6.1.1 reviews pneumatic valves as a particular example that
would benefit from such a structure. Section 6.1.2 then proposes a modifica-
tion of STAL that can produce convex features. Next, an analytical model is
proposed to predict the form that would be expected with convex STAL. Then,
Section 6.1.3 demonstrates the integration of convex STAL structures with raised
structures included in a non-planar container as a potential platform for pro-
ducing a durable monolithic SU-8 master for casting microfluidic channels with
curved cross-section in selective locations. In Section 6.1.4, the effect of width of
the reflow on the form of the convex STAL is experimentally studied. Finally,
the height of the experimentally realised convex STAL structures is compared to
analytical predictions.
6.1.1 Reflow geometries for microfluidic valves
Recent advances in genomic, proteomic, and in broader terms microanalysis fields
in molecular biology sciences, where large sampling rates and high-throughput are
required, have motivated research into large scale integration of components and
subsystems into the microfluidics platforms [140, 141]. One of the key microfluidic
components are microvalves [142–144]. Among the microfabricated valves the
PDMS pneumatic valve (normally open) seems to be the most promising for large
scale integration [145]. The operation mechanism of these valves is illustrated in
Figure 6.1. This particular pneumatic valve consists of two PDMS layers, with
embedded flow and control microchannels, bonded together with a thin PDMS
membrane in between. The membrane is inflated into the flow channel to block
the channel upon pneumatic control signal is applied.
There are several properties, which make these valves attractive for researchers,
such as the bio-compatible of the PDMS, cost effectiveness, and the ability to
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make multilayer systems. However, the microchannels fabricated using conven-
tional photolithography are inherently planar which prevents complete sealing of
the closed valve due to sharp corners, as shown in Figure 6.1 (a). As shown in
Figure 6.1 (b), to solve this problem researchers have utilised channels with a
rounded cross-section on the valve site. A variety of methods are available to
produce a microcahnnels with rounded cross-section including, reflow of positive
AZ photoresist [145] and diffusion of UV light [146] among others. In the reflow
technique [145], the master is fabricated using two layers of photoresist.The first
layer is fabricated using SU-8 which is desired due to durability. This layer forms
most of the master other than the valve sites. The second layer of AZ photoresist
is deposited, patterned photolithographically, and also thermally reflowed to form
a curved structure at the valve sites on the master. It is important to mention
that it is not possible to utilize photolithographically patterned SU-8 for reflow,
owing to the fact that the cross-linked SU-8 does not reflow even at very high
temperature, and it only degrades [113]. Although the reflow technique provides
the required curved structure at the valve sites, the process introduces the inher-
ent complications of multilayer photolithography. Moreover, AZ photoresist is
not as durable as SU-8 photoresist, and thus the master mold may only be used
for one or at best a few microfluidic channel replicas.
For the diffused UV light technique [146], the diffused UV light is implemented
by back side exposure and higher exposure dose. This technique provides channels
with bell-shaped cross-section without the sharp corners which are advantageous
for proper valve sealing. However, this technique provides a bell-shape cross-
section in all locations on the sample and does not offer addressable control over
channel cross-section, which makes analytical predictions of the flow properties
relatively difficult for complex microfluidics systems [147]. It would be advanta-
geous if a technique were available to provide the addressability of the AZ reflow
approach of [145] along with the durability of the all SU-8 diffuse UV approach
of [146]. It is proposed that STAL maybe able to fulfil these requirements.
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Figure 6.1: PDMS pneumatic microvalve. a) Flow channel with a rectangular
cross-section. In the bottom, the leak which is due to the sharp corners is high-
lighted. b) Flow channel with curved cross-section, where leaking is minimized
due to rounded geometry of the flow channel.
6.1.2 Concept of convex STAL and predicted form of the
convex STAL structures
As reviewed in Section 6.1.1 microchannels with rounded cross-section would be
beneficial for complete sealing of the microvalves integrated into the complex mi-
crofluidic systems. A technique for realising a durable monolithic SU-8 master
with only selective areas reflowed would be useful for this application. It is pro-
posed that STAL may provide an opportunity to meet this need. In this section,
the concept of convex STAL will be proposed as an alternative to conventional
technique to produce such rounded channel integrated into the rectangular chan-
nel and then an analytical model will be proposed to predict the form of the
convex STAL structures.
Consider the illustration of Figure 6.2. In principle, if the steps of STAL are
followed as described in Section 3.4, convex structures can be achieved by im-
printing the SU-8 film with raised structures instead of surface recesses. Imagine
an uncross-linked SU-8 film is imprinted with a raised rib, and then, in the ex-
posure step, the raised structures is partially or entirely protected from UV light
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Figure 6.2: a) Portion of the infinitely long raised rib with cross-sectional area
of A and also b) portion of the infinity long convex structure with the same
cross-sectional area, A and width of s.
while the rest of the sample is exposed to define the boundaries of reflow as shown
in Figure 6.2 (a). After a thermal treatment, the raised rib would reflow into a
convex shape forming a minimum energy meniscus surface within the exposed
boundaries as shown in Figure 6.2 (b). The shape of the convex microstructure
would be entirely defined by surface tension according to the geometry of the
boundaries.
In order to provide a simplified analytical model for the convex structures, it
is assumed that an infinitely long rib is reflowed into an infinitely long convex
structure, a portion of such structure is shown in Figure 6.2. It is expected that,
far from two ends, the morphology of the reflowed material will be defined entirely
by the two side boundaries, corresponding to the minimum of the interfacial
liquid-air free energy, under the constant volume constraint. The shape of such
a structure would be a horizontal cylindrical segment, and under the constant
volume condition, the cross-sectional area of the infinitely long convex structure
with constant width of s, must be the same as cross-sectional area of initial rib,
A.
Knowing the cross-sectional area (A) and also the width of the reflowed struc-
tures (s) it should be possible to calculate the height of the reflowed structure
(h) using simple model presented in Figure 6.3. The cross-sectional area can be
expressed as:
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Figure 6.3: Analytical model for the reflow with circular cross-section. s, h, r,
and θ are width, height , radius of curvature, and the contact angle of the convex
structure, respectively.
A = θr2 − (r
2
2
) sin(2θ) (6.1)
where θ is the contact angle and r is the radius of curvature. The contact angle
can be expressed as:
θ = 2 arctan(
2h
s
) (6.2)
where h is the height and s is the width of the reflow structure an shown in
Figure 6.3. The radius of curvature of the horizontal cylindrical section can be
expressed as:
r =
4h2 + s2
8h
(6.3)
Finally, by substituting (6.2) and (6.3) into (6.1), it is possible to write:
A =
2 arctan(2h
s
)(4h2 + s2)2 + hs(4h2 − s2)
16h2
(6.4)
which relates the cross-sectional area (A) of the horizontal cylindrical section to
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its height (h) and width (s). Since the area (A) is set by the area of the original
imprinted structure and the width (s) is set by the exposure photo-mask during
STAL, it should be possible to use Equation (6.4) to accurately predict the height
of reflow structure that would result from the use of these parameters.
Recall that in the derivation of Equations (6.1) to (6.4) it was assumed that
both the initial imprint structure and the exposure region were longitudinally
invariant and thus the ultimate shape resulting from the convex STAL technique
would be governed by the cross-sectional area of the imprint (A) and the width
of the exposure strip (s). In practice, the imprinted ridge and exposed region
must end at some point. It is possible that the imprint could end within the
exposure mask and in this case, the form of reflow meniscus would be determined
by the geometry of the exposure mask. However, it is also possible that the edge
of the exposure mask could intersect the raised imprinted feature. In this case,
the component of the imprinted feature outside of the exposure mask would be
cross-linked and would solidify, retaining its form while the component within the
exposure mask would reflow. In this case, the form of the meniscus close to the
boundary of the exposure mask would be determined by both the geometry of
the exposure mask and also the form of the cross-linked, imprinted ridge to which
the meniscus interfaces. This capability to interface STAL reflowed structures to
rectangular imprinted structures presents an opportunity to realise the sort of
structures that would be necessary for the microfluidic valves reviewed in Section
6.1.1. However, far from these interfaces, it is expected that the structures could
be considered longitudinally invariant and thus would be accurately modelled by
Equation (6.4).
6.1.3 Demonstration of convex STAL structures integrated
into the raised structures
Section 6.1.2 developed equations that should predict the height of a reflow menis-
cus with the form of horizontal cylindrical section that would result from appli-
cation of convex STAL to an imprinted rib of known cross-sectional area reflowed
within a photolithographic container of known width. These equations are based
on the assumption that the structures are longitudinally invariant, being far from
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the termination exposure mask. At the location of the exposure mask it is ex-
pected that a transition to either the planar exposed region, or an exposed and
cross-linked ridge would be observed. This section of this chapter experimentally
investigates whether it is possible to perform convex STAL and examines the
structures that result from this process.
The fabrication method followed closely the steps of STAL technique as de-
scribed in Section 3.4, however a few adjustments were required, as illustrated
in Figure 6.4 in both plan and cross-sectional views. A film of the negative pho-
toresist (SU-8) was imprinted using an elastomeric PDMS mold to form a raised
rib as shown in Figure 6.4 (a). A thin layer of SU-8, the so-called residual layer,
remained on the sample is inherent to the imprinting process.
Next, the reflow reflow container was defined using UV light exposure as
illustrated in Figure 6.4 (b). The photo-mask contained opaque features with
rectangular geometry which were aligned perpendicular to the imprinted ribs in
order to protect selected area enclosing a portion of the rib.
After exposure, a thermal treatment was used to cross-link the exposed pho-
toresist, and also to reflow the unexposed regions. This reflow should act to
reshape the imprinted rib from its original geometry, to a convex meniscus form,
in order to achieve a minimum energy state as a liquid as shown in Figure 6.4 (c).
The cross-linked region should provide a container for the uncross-linked SU-8
and the form of the meniscus should be defined by the geometry and topology of
this container.
The thermal treatment was performed as follows: the temperature was ramped
from room temperature to 55 ◦C and left at 55 ◦C for 2 hours, then was then
returned to room temperature before finally ramping to 95 ◦C and leaving at
95 ◦C for 30 min before ramping back to room temperature. The first baking
step was to ensure that exposed region was fully cross-linked while the second
step was to reflow the unexposed area as the temperature was above the glass
transition temperature of the SU-8. Finally, a flood exposure step followed by
a thermal treatment was necessary to retain the shape of the reflowed convex
structures. This second thermal treatment was performed similarly to the first
thermal treatment. In order to visualise the cross-section of the reflow section,
the sample was cleaved through the reflow section.
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Figure 6.4: Integration of convex STAL structure into the raised structures. a)
Imprinting SU-8 film with raised structures, b) defining reflow boundaries by
UV exposure. c) Reflowing of the unexposed SU-8 within the boundaries. d)
3D illustration of the final convex STAL integrated into the raised rectangular
structure and the cross-sectional view of the convex STAL along the AA′ axis.
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Figure 6.5: Illustration and SEM images of convex STAL structures integrated
into the raised structures. a) Illustration of final structure, b) SEM image of
actual structure from the plan view. c) The cross-sectional view of the final
structure, along AA′ axis. The scale bars are 200 µm
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Figure 6.5 presents a 3D illustration and SEM images of integration of convex
STAL structures into the raised structures. Figure 6.5 (a) presents a 3D illustra-
tion of the final structure. Figure 6.5 (b) presents an SEM image of the sample
prior to cleaving, from the plan view. An SEM image of the cross-sectional view
of the cleaved facet of the structure after cleaving through the reflow region is
shown in Figure 6.5 (c). The convex shape of the reflow is clearly evident. The
presence of both rectangular and curved (concave) shapes are also evident.
From the images of Figure 6.5, it is evident that it is indeed possible to achieve
a convex reflow shape using a combination of raised imprinting and STAL. The
cross-section of Figure Figure 6.5 (c) reveals that the reflow shape has an approx-
imately cylindrical form, far from the boundary of the reflow container. At the
interface with the cross-linked container, an abrupt transition from the rounded
reflow meniscus to the rectangular imprinted structure is evident. These results
qualitatively confirm the expected performance of the convex STAL process, par-
ticularly showing that is possible to transition from the rounded reflow structure
to a rectangular imprinted structure. However, it has yet to be shown that
the characteristics of the reflow structure can be accurately predicted by Equa-
tion (6.4).
6.1.4 Effect of width of the reflow on height of convex
STAL structures
In Section 6.1.3, a qualitative proof-of-concept experiment to achieve convex
STAL and to integrate these with traditionally imprinted raised structures was
presented. The results provides encouragement that convex STAL may be able
to provide the types of structures required by pneumatic valves As reviewed in
Section 6.1.1. In Section 6.1.2 it was predicted that, given a known volume of
imprint structure and a known area of exposure mask, it should be possible to
predict the form of the reflow far from the ends as a horizontal cylindrical sec-
tion and that the height of this section could be predicted quantitatively using
Equation (6.4). In this section, the effect of exposure mask geometry on height
of the convex structures is presented and the measured height of convex STAL
structures is compared to prediction of Equation (6.4).
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For this experiment, the convex STAL structures were produced by following
the method described in Section 6.1.3 while maintaining the cross-sectional area
of the initial imprinted rib constant. The imprinted raised rib had width of
approximately 225 µm and height of approximately 50 µm. The exposure mask
used to create the reflow container consisted of rectangular patterns with length,
along the rib, of 2000 µm and varying width, perpendicular to the rib, of s =
400, 500, 600, 700, 800, and 900 µm.
Figure 6.6 (a), presents the cross-sectional height profiles, acquired from AFM
images, measured across the convex structures, along the AA′ axis as highlighted
in Figure 6.5 (a). The AA′ axis is located at mid-point along the length of
the STAL structure, 1000 µm from the exposed walls. The height profiles are
symmetric and appear to be circular. As the width increases, the height decreases
as expected from Equation (6.4). The measured heights range from h = 14 µm
when s = 900 µm to h = 41 µm when s = 400 µm.
Figure 6.6 (b), presents the height (h) of each of the reflowed profiles of
Figure 6.6 (a), as a function of the width of reflowed area (s). The analytic
prediction of heights, from Equation (6.4) are also presented in Figure 6.6 (b)
using A= 9450 µm2 for the cross-sectional area of the initial imprinted rib. Good
agreement between the measured and predicted height is evident.
It also should be noted that, similar to the basic concave STAL process of
Chapter 3, there is no requirement for the imprinted structure to be located in the
middle of the masked region, so long as it is not too close to the exposed perimeter,
the raised volume will reflow into the same surface tension defined form. This
places relatively relaxed requirements on alignment between the imprinted and
exposed features. However, if the reflow region is to interface with an imprinted
but cross-linked region as is shown in Figure 6.4, then it is important to align
the exposure mask to the imprinted region or the reflowed region will align to the
exposure pattern, irrespective of the imprint pattern resulting in a misalignment
at the interface.
In summary, the effect of width of reflow on the form of the convex STAL
was investigated and the maximum height of STAL structures were measured
and compared to the analytical prediction of Equation (6.4). It was found that
Equation (6.4) can provide a fairly accurate prediction of the height of the re-
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flowed structure at the centre point of the pattern as a function of the width of
the exposure region indicating that convex STAL can be conducted with a good
degree of control on the resulting geometry.
6.1.5 Summary
In this section it was proposed that the STAL technique could be extended from
the previously demonstrated concave dimple structures of Chapter 3 to create
convex raised reflow structures. It was shown that if, rather than imprinting
a recess of known volume in a planar surface, the SU-8 is instead imprinted
with a raised ridge of known volume, then exposed to define the reflow container
around this volume and then thermally treated, a convex reflow structure can be
produced. Further, it was shown that if the raised ridge crosses the boundary
from within the masked region to outside the masked region, the ridge form
will be incorporated into the container and the reflow meniscus will transition
continuously from the rectangular cross-linked raised ridge in the exposure region
to the smooth meniscus in the reflow region. A simple model was developed to
predict the height of the reflow structure assuming that it would have the form of
a horizontal cylindrical section. It was shown that at the mid-point of the reflow
region, the reflow cross-section was approximately cylindrical and in this region
the developed model can accurately predict the height as a function of the width
of the exposure mask. These results show that the convex STAL technique can
be controlled to a high degree and that the resulting structures should be useful
for applications such as the sealing chambers of microfluidic pneumatic valves.
6.2 Photo-patterning of the reflow meniscus within
STAL structures
Chapter 5 introduced a modification of the STAL process in which that reflow
container was adjusted to include cross-linked posts that were enclosed within the
reflow meniscus. Section 5.2 presented a further modification of STAL where the
imprinted structures were convex rather than concave and particularly showed
that it was possible to use imprinting to pattern the topology of the container
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Figure 6.6: a) Height profiles of the structures which was acquired from AFM
image of structures with varying width of reflowed region (from 400 to 900 µm).
b) The maximum height of the structures in (a) and also the analytical prediction
of the heights of the structures versus the width of the reflow.
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and then interface this to the reflowed meniscus sections. Both of these techniques
have explored the impact of more sophisticated patterning of the reflow container
and the impact of this on the reflow meniscus. However, in both of these cases,
the reflow meniscus is allowed to take its natural, minimal energy form and is then
simply flood exposed and baked to ensure that the structure is maintained. This
final flood exposure presents a further opportunity for sophisticated patterning. It
is proposed that rather than simply flood exposing, it may be possible to expose
the meniscus with some desired pattern and then develop away the undesired
material creating a more sophisticated structure.
Previously in Section 5.1, the potential implementation of STAL in realizing
a hydrodynamic cell trapping device using integrated posts was demonstrated.
Another type of hydrodynamic trap available in the literature are suction cups.
A suction cup could be conceived as a dimple recess on the floor of a microfluidic
channel similar to that presented in Chapter 3, but at the centre of the dimple
is a drain which is attached to a secondary negative pressure channel allowing
large particles to be drawn into the dimple and then locked in position as they
obstruct the flow of fluid into the drain [148–150]. This section will present the
potential of patterning STAL structures to realize such suction cups.
As presented in Chapter 3, STAL consists of the following major steps: first,
soft lithography physically patterns the polymer with a surface recess of known
volume. Then, UV exposure defines the reflow boundaries/container. A thermal
treatment then solidifies the container and reflows the unexposed region of the
polymer, and finally a flood exposure ensures that the reflowed structures, which
should have been protected in the first exposure retain their shape. The latter
step, offers the opportunity of defining new structures in the unexposed region
through a photo-mask, instead of flood exposure. As an illustration, the centre
of the dimple could be masked during this flood exposure, creating an uncross-
linked column in the centre of the dimple. This column could then be developed
away leaving a through hole which could be connected to a channel below the
dimple. Such features could be used to produce suction cups.
To experimentally demonstrate photolithographic patterning of STAL struc-
tures, the steps of Section 3.4 were followed, but the last flood exposure was
replaced with exposure through a photo-mask as shown in the Figure 6.7. Figure
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6.7 illustrates this method in both plan view (left) and cross-section (right).
A film of the negative photoresist, SU-8, was imprinted using an elastomeric
PDMS mold to form surface recess as shown in Figure 6.7 (a). Next, a reflow
boundary was defined by using UV exposure to selectively expose the material
outside a perimeter enclosing the imprinted recess as illustrated in as shown in
Figure 6.7 (b). In this case, rather than simply using a circular pattern, a cross
shaped pattern was chosen. This pattern was chosen mostly to illustrate that
patterns other than simple circles can be used with STAL, but it is possible to
conceive how a similar radial pattern could be designed to provide fluidic vents
that could by-pass a trapped particle moderating the pressure applied to that
particle. The opaque features on the mask were aligned to the cylindrical recess
features on the sample to protect them from exposure.
After exposure of the container, thermal treatment was performed to cross-
link the exposed photoresist and to reflow the unexposed regions. This reflow
should act to reshape the imprinted recess from its original geometry, to that
of a minimum surface energy meniscus, as shown in Figure 6.7 (c). The cross-
linked region should provide a container for the uncross-linked SU-8. Due to
the more complex geometry of the container, the meniscus would no longer be
a simple spherical cap as was presented in Chapter 3, but it should be possible
to explicitly predict the meniscus shape using numerical models based on surface
energy minimisation [60]. The thermal treatment was performed as follows: the
temperature was ramped from room temperature to 55 ◦C and left at 55 ◦C for
2 hours, then was ramped down to room temperature again, and finally back
up to 95 ◦C and left at 95 ◦C for 10 min before ramping back down to room
temperature. The first baking step was to ensure that exposed region was fully
cross-linked while the second step was to reflow the unexposed area.
The next step was to photolithographically pattern the reflow meniscus as
shown in Figure 6.7 (d) and (e). First the sample was exposed to UV light
through a photo-mask as shown in Figure 6.7 (d). The photo-mask consisted of
circular opaque features which were aligned to the STAL structures in order to
protect the central region of the STAL reflow meniscus while the rest of the sample
was exposed. A thermal treatment was necessary to complete the cross-linking
of the recently exposed area. The second bake was performed similar to the first
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bake. Finally, a development step was necessary to remove the unexposed SU-8
as the result is illustrated in Figure 6.7 (f).
Figure 6.8 presents an SEM image of the results of applying this modified
STAL technique on a cross-shaped dimple with a circular masked region in the
centre. The cross shaped container boundary is evident and the smooth, reflowed
meniscus is also evident within this boundary. An approximately circular void
within the solidified reflow meniscus is clearly evident. The void seems to have
a distorted circular shape compared to the more ideal circular shape that was
present on the photo-mask. This distortion can be attributed to diffraction of
the UV light between the mask and the surface of the meniscus. Such air gaps
have led to an effect called ’T-topping’ that can significantly degrade the quality
of SU-8 lithography if good mask contact is not maintained [106]. A possible
remedy for overcoming this distortion is to fill the gap between the mask and the
SU-8 surface with a relatively high index fluid such as glycerol [106, 151].
6.2.1 Summary
This section has briefly shown that it is possible to realise more sophisticated
structures with STAL by replacing the final flood exposure of the meniscus with
a patterned mask. As a proof-of-concept, a star like structure was produced using
STAL with a void near its centre. It was shown that void could indeed be formed
within the reflow meniscus, however this preliminary result did exhibit some
distortion of the void from the nominally circular shape present on the mask. This
distortion could be attributed to diffraction of the UV light and could be remedied
by inserting a high index fluid between the mask and the STAL structure during
this final exposure. With some further work, this structure could be useful as a
suction cup for cell trapping. To realise a complete platform, the next step would
be to repeat the fabrication, but using a sacrificial layer to facilitate releasing
of the film. The patterned suction cup on the film could be readily sandwiched
between PDMS layers with embedded flow and suction channels.
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Figure 6.7: Patterning STAL structures to realise suction cup. a) Patterning
SU-8 film using imprinting technique, b) defining the container, suction cup,
using UV exposure. c) Reflowing the unexposed SU-8 within the container. d)
Exposing the STAL structure selectively to define new structures, suction path.
e) Development of the unexposed region.
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Figure 6.8: SEM image of suction cup. The star shape STAL structure and a
hollow region within the cup.
6.3 Conclusion
This chapter presented two further extensions of STAL demonstrating convex
STAL structures and their integration into the raised structures for microfluidic
applications, and photo-patterning of the reflow meniscus within STAL struc-
tures. In the first section, the concept of convex STAL was introduced and
experimentally demonstrated. An analytical model was proposed to predict the
height of the convex STAL structures as a function of the reflow width. The
effect of width of the reflow on the form of the convex STAL was experimentally
investigated and finally the experimental result was compared to the analytical
prediction. There was good agreement between measured heights and analytical
predictions. The demonstrated technique should provide a new tool to produce
rectangular microchannels with curved cross section in selected areas. Such struc-
tures could be beneficial to fabricate normally open pneumatic microvalves which
can provide a highly effective seal when actuated.
In the second section, a proof-of-concept experiment was performed to pat-
tern the reflow meniscus of STAL structures. The preliminary proof-of-concept
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structure presented was a cross shaped recess, with a lithographically patterned
void close to its centre which could act as a vacuum source. The realised struc-
ture exhibited some distortion which could be attributed to diffraction of the
UV light due to the air gap between the mask and the recessed STAL meniscus.
This could be remedied by introducing a high index fluid to the gap between the
mask and the structure. To achieve the complete system, one should perform
the demonstrated method on a sacrificial layer to facilitate the releasing of the
SU-8 layer consisting suction cups. Such a layer can be readily sandwich between
two layers with embedded flow and suction channels. The ability to pattern the
curved STAL meniscus structures will provide new opportunities in other fields
of research, for example biological studies where sophisticated patch clamps and
suction cups might be required.
132
Chapter 7
Conclusion
7.1 Outcomes of this work
In Chapter 2, a critical review of the available surface tension driven techniques
in the literature was presented. As shown in Chapter 1, a considerable volume
of work has been published on surface tension driven 3D microfabrication tech-
niques. However, there has been very little literature published on surface tension
driven techniques with the following properties: (i) the ability to define numerous
micron scale elements distributed with arbitrary complexity over a planar wafer;
and simultaneously (ii) the ability to arbitrarily control the lateral dimensions
of the base and independently control the height of each of these reflowed ele-
ments. The lack of a surface tension driven technique with these properties was
the inspiration for an extensive effort to find a novel technique.
In Chapter 3, the novel concept of surface tension assisted lithography (STAL)
was introduced for fabricating 3D curved structures, and also an analytical model
was provided to predict the form of the STAL structures within the cylindrical
container as a function of the two parameters: initial imprinted volume and
container diameter. STAL was then experimentally implemented on a single
film of SU-8 to produce semi-spherical shaped structures within a cylindrical
container.
The impact of container diameter on the form of STAL structures was studied
by performing an experiment in which the imprint volume was held constant
and the diameter of the container was varied. Results of this experiment were
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compared to the analytical predictions and it was concluded that the depth of
semi-spherical STAL structures can be accurately predicted as function of the
container diameter when the initial imprinted volume is known. It was noted that
the accurate prediction of the depth of STAL structures becomes more difficult
for smaller diameters as the container is in very close proximity to the imprinted
structures.
The impact of the initial imprinted volume on the form of the spherical STAL
structures was also studied in a separate experiment in which the diameter of the
imprint volume was varied and the diameter of the container was held constant.
By comparison of the results of this experiment and the analytical predictions,
it was concluded that if the container diameter is known, the depth of the semi-
spherical cap can be accurately predicted as a function of the volume of the
imprint features. It was noted that for an imprint with volume larger than Vmax,
which corresponds to the natural contact angle (θnat) of cross-linked and uncross-
linked SU-8, the STAL structure started to become asymmetric and thus the
assumptions underpinning the canonical formulas of Section 3.3 cease to be valid.
Two limitations, or potentially features, of STAL were then investigated.
These were the impact of the wall contact angle; and the effect of thermal treat-
ment profile on the form of STAL structures. It was shown that if the imprinted
volume was large enough that the contact angle of the reflowed meniscus would
be less than the natural contact angle between the liquid and solid SU-8, then
non-canonical shapes of the STAL structures would result, for example asym-
metric shapes. Regarding the effect of thermal treatment profile, it was shown
that if simple single ester baking process were used, then significant ridges and
deformation of the edges of the container would be observed due to differential
thermal expansion of the cured and un-cured SU-8. It was shown that a two-
step treatment could significantly reduce these ridges, but also produced a slight
bulging of the reflow meniscus into a convex shape. Overal it was shown that the
samples produced using STAL with similar methods but different profiles of the
thermal treatment, produced two quite different results.
In Chapter 4, the STAL technique was exploited to fabricate 3D microelec-
trodes to realise a dielectrophoretic cell trapping platform. Having demonstrated
that STAL can be used to realise 3D semi-spherical geometries with indepen-
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dently controlled diameter and depth, STAL was employed to demonstrate this
cell trapping platform equipped with 3D microelectrodes that would be difficult
to realise with alternate lithographic technologies.
The main advantage of 3D microelectrodes was found to be their capacity
to generate a strong electric field gradient over a larger area of the channel cross
section. This improves the sorting efficiency of the system, enabling the sorting of
rare target cells against a heterogeneous population of suspending cells. Moreover,
the 3D structure enhances the trapping efficiency of the system, allowing for
immobilisation, stimulation, and characterisation of large clusters of target cells
for a range of bio-applications.
A comparison of platforms with 2D and 3D microelectrodes using numerical
simulation predicted a smooth decrease of electric field along the height of the
channel for semi-spherical microelectrodes. More importantly, the simulations
predicted a 113% increase in the magnitude of the dielectrophoretic force com-
pared to that of planar microelectrodes. A series of experiments were carried out
on yeast cell manipulation to compare the performance of the platform in 2D
and 3D configurations. The results of experiments were in line with the numer-
ical simulations, showing a 91% increase in the number of trapped cells in 3D
configuration compared to that of planar microelectrodes. The STAL technique
also might be utilised to fabricate 3D microelectrodes with more complicated
geometries to increase the coverage area.
In Chapter 5, the observation that the reflow meniscus would slip down the
wall when the meniscus angle was less than the natural contact angle was explored
as a means to integrate planar posts into STAL structures. The integration of
planar posts into the STAL was successfully demonstrated. Moreover, a theo-
retical model was proposed to predict the deformation of the posts within STAL
structures as a function of posts aspect ratio and the posts separation. A mod-
ified technique was proposed to ensure the complete cross-linking of SU-8 prior
to reflow which increases the stiffness of the SU-8 posts. The modified method
was used to experimentally investigate the effect of post aspect ratio and the
position of the posts. Integration of planar posts into the STAL structure could
enable the fabrication of abrupt interfaces between smooth curved reflow sur-
faces and planar lithographically defined structures which have not been easy to
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achieve previously. Such structures can be utilised for efficient cell trapping while
minimising the hydrodynamic disturbance of the main fluid stream.
In Chapter 6, opportunities to further extend STAL were studied in two dif-
ferent areas: convex STAL structures and their integration into lithographically
defined raised structures, and patterning the reflow portion of STAL structures
photolithographically.
In the First section, The concept of convex STAL was introduced and experi-
mentally demonstrated. An analytical model was proposed to predict the height
of the convex STAL structures as a function of the reflow width. In addition,
the effect of width of the reflow on form of the convex STAL was experimentally
investigated and compared to the analytical prediction. It was concluded that the
maximum height of the convex STAL structures can be accurately predicted as
function of the width of the reflow, knowing the cross-sectional area of the initial
raised imprint. The proposed technique represents a new tool to produce rectan-
gular microchannels with curved cross section in selected areas. Such structures
are beneficial to fabricate normally open pneumatic microvalves.
In the second section, the opportunity of photolithographically patterning
STAL features to realize structures such as suction cups was studied. The results
of a proof-of-concept experiment was presented as a cross shaped recess, with a
lithographically patterned void close to its centre which could act as a vacuum
source. The patterned void exhibited some distortion which could be attributed
to diffraction of the UV light due to the air gap between the mask and the recessed
STAL meniscus. This could be remedied by introducing a high index fluid to the
gap between the mask and the structure. The ability to pattern the curved STAL
meniscus structures could provide new opportunities in other fields of research,
for example biological studies where sophisticated patch clamps and suction cups
might be required.
7.2 Suggestion for future work
The outlook for future innovations as a continuation of this thesis can be divided
into two areas: the refinement of STAL to achieve more complex 3D structures,
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and the potential to implement the current STAL structures in other fields of
research. These opportunities will be discussed as follows.
Having demonstrated that STAL can produce highly predictable semi-spherical
structures, the next immediate step would be to investigate more complex 3D
structures with arbitrary footprints such as a tear drop or hydrodynamic ‘fin’
shapes. Such structures can be utilised in many fields of research, for example
3D structures with custom foot print and height could be used to study the hy-
drodynamic characteristics of flow in microfluidic chips. Although, the analytical
prediction of such structures is not feasible in closed form, the morphology of
the complex liquid droplets can be predicted using an open source finite element
package developed by Brakke [60].
The implementation of STAL to realise 3D microelectrodes for a dielectrophoretic
platform has been demonstrated. Similarly, STAL can be employed to produced
3D micro structures for other microfluidic applications where it is vital to have
independent control over lateral dimensions and the radius of curvature , such as
integrated ‘microbeads’ for studying shear force.
The integration of planar structures such a posts into the curved STAL struc-
tures has been demonstrated. STAL structures integrated with the posts can be
utilized for cell trapping while the effect of the trap itself on the flow dynamic
inside the microfluidic chamber would be minimized. Fabrication of such hybrid
structures could be relatively simple with STAL compare to alternative 3D mi-
cro fabrication techniques. The simplicity of realising such complex shapes using
STAL may even render them feasible for mass manufacture. However the defor-
mation of the posts under surface tension still needs to be investigated further.
It may even be possible to design the post structures deliberately such that they
collapse in a controlled fashion producing arches where the top is closed but the
base is open. Such structures could be of great interest for trapping large particles
or even living organisms.
The concept of convex STAL has been introduced and has been shown as
capable of realising interfaced reflowed and rectangular structures. One proposed
application of these structures was for the formation of the membrane cavity
for microvalves. The demonstration of microvalves based on this technique is a
clear opportunity for future work, however other applications for these types of
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structures can be considered such as 3D microfluidic tapers, optical waveguide
transitions to lenses and maybe even gratings.
The ability to pattern curved STAL structures with hollow paths was demon-
strated. This technique could provide new opportunities in other fields of re-
search. One of the applications for a concave STAL structure patterned with a
hole, is suction cup which can be used in cell trapping. To achieve the complete
system, one should adapt the method that has been presented in this thesis to
be implemented on a sacrificial layer to facilitate the releasing of the SU-8 layer
consisting suction cups. Such a layer could then be readily sandwich between two
layers with embedded flow and suction channels.
To summarise, this thesis has introduced a novel surface tension assisted
lithography (STAL) technique for 3D microfabrication. Limitations and features
of STAL were investigated. A proof-of-concept implementation of STAL in re-
alisation of semi-spherical microelectrodes for a dielectrophoretic cell trapping
platform was demonstrated. The ability of STAL to realise more sophisticated
structures with potential application in complex microfluidic platforms was also
demonstrated with great promise for further advancement.
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